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MECHANISM OF CHOLESTEROL ABSORPTION 


I. ENDOGENOUS DILUTION AND ESTERIFICATION OF 
FED CHOLESTEROL-4-C'4* 


By LEON SWELL, E. C. TROUT, Jr., J. R. HOPPER, HENRY FIELD, Jr., 
ano C. R. TREADWELL 
(From the Veterans Administration Center, Martinsburg, West Virginia, and the 
Department of Biochemistry, School of Medicine, George Washington University, 
Washington, D. C.) 


(Received for publication, October 14, 1957) 


It has been demonstrated (1-3) with the aid of cholesterol-4-C" and the 
rat with lymph fistula that the lymphatic system is the major route for 
absorbed cholesterol and that bile and pancreatic juice are essential for 
cholesterol absorption. In these previous studies, 1 to 4 mg. of choles- 
terol-4-C“ was administered in 1 to 3 ml. of oil. The administration of 
these amounts of cholesterol does not produce a chemical increase in lymph 
cholesterol over the fasting level. Biggs et al. (4) demonstrated that, after 
the administration of labeled cholesterol, the specific activity of the lymph 
cholesterol was approximately 10 per cent of that fed, suggesting considera- 
ble endogenous dilution. Glover and Green reported (5, 6) that this en- 
dogenous dilution occurs in the intestinal wall during cholesterol absorp- 
tion and is a resultant of interchange with acceptor lipoproteins in the 
mucosa cells. 

The purposes of the present study are to determine how the feeding of a 
large dose of labeled cholesterol under physiological conditions could in- 
fluence the amount of free and esterified cholesterol, as determined chemi- 
cally and by radioactivity in lymph, the extent of endogenous dilution, 
and the time-course of absorption. 


Methods and Materials 


Treatment of Animals and Tissues—The experimental animals were adult 
male rats, weighing 225 to 275 gm., of the Carworth strain, which had been 
maintained on Purina pellet chow. The preparation and care of the ani- 
mals with thoracic duct fistula have been described (7). 24 hours after 
operation, each experimental animal received, by intubation without an- 
esthesia, 3 ml. of an aqueous emulsion containing 40 to 44 mg. of cholesterol- 
4-C™ (0.5 ue.), 50 mg. of blood albumin, 292 mg. of oleic acid, 279 mg. of 

* This study was supported in part by research grants from the American Heart 


Association and the National Heart Institute (Nos. H-1897, H-2746), United States 
Public Health Service. 
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sodium taurocholate, and 150 mg. of glucose. The control animals received 
a comparable emulsion without cholesterol. In Experiment 1, the lymph 
of each animal was collected for consecutive periods of 0 to 6, 6 to 24, and 
24 to 48 hours after administration of the emulsion. In Experiment 2, 
five rats were used, and the lymph was collected in 2 hour periods up to 
12 hours, followed by 12 to 24 and 24 to 48 hour periods. In Experiment 
3 the lymph of each animal was collected for a period of 6 hours after 
administration of the emulsion. After 6 hours the animals were sacri- 
ficed, and the intestine was removed and washed with 50 ml. of saline. 
The saline washings of the intestine and feces excreted during this 6 hour 
period were pooled for each animal. 

The lymph and intestinal content samples were concentrated to 5 to 10 
ml. on a steam bath and treated with 100 ml. of acetone-alcohol (1:1). 
The residue, after heating to boiling and filtering, was treated twice more 
with 100 ml. of acetone-alcohol (1:1) and twice with 100 ml. portions of 
ether-alcohol (3:1). The extracts from each sample of lymph or intesti- 
nal contents were combined, taken to dryness under nitrogen, and dis- 
solved in 25 ml. of acetone-alcohol (1:1). The recovery of cholesterol, 
both chemically and by C'* measurements, from lymph by these extraction 
procedures was compared to that obtained by the usual method in which 
25 volumes of acetone-alcohol were added to the original lymph samples. 
Both procedures gave the same results. 

Methods—Free and total cholesterol were determined colorimetrically 
in lymph by the method of Sperry and Webb (8). The free, esterified, 
and total cholesterol fractions of each lymph extract were precipitated 
as the digitonides and washed according to procedures described earlier 
(7). The digitonides of the total sterols in the extracts of the intestinal 
contents were prepared in the same way after hydrolysis with KOH. 

The digitonide C™“ activity was measured in a windowless gas flow 
counter and corrected for self-absorption. The over-all experimental 
error, including sample preparation and counting, was +5 per cent. In 
some cases it was necessary to add carrier free cholesterol to the extracts 
to obtain adequate amounts of the digitonide for plating. 

The amounts of the administered cholesterol-4-C appearing in the 
lymph as free and as esterified cholesterol were calculated by dividing the 
total count (per minute) in each lymph fraction by the specific activity 
(counts per minute per mg.) of the fed cholesterol-4-C". To distinguish 
between the amounts of cholesterol determined chemically by the Sperry- 
Webb method and those obtained by the radioactivity measurements, 
the abbreviations FC, EC, and TC will be used to designate, respectively, 
the chemically determined free, esterified, and total cholesterol fractions 
and FC-C“, EC-C, and TC-C"™, the corresponding fractions calculated 
from the activity data. 
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Results 


Experiment 1—During the first 24 hours after the feeding of 44 mg. of 
cholesterol-4-C™, 25.2 per cent of that fed appeared in the lymph (Table 
I); very little, 3.4 per cent, appeared in the second 24 hour period. The 
per cent EC and EC-C™ were about the same during the first 24 hours. 
During the second 24 hours the lymph samples returned to the clear 
fasting state, and the per cent EC and EC-C™ were again about equal, 
but had dropped to about 70. The specific activity of the fed cholesterol- 
























































TaBLeE I 
Cholesterol and Cholesterol-4-C™“ of Rat Lymph after Feeding of Cholesterol-4-C™ 
| | | Lymph 
| | | cholesterol ~ 
No. ; ce | FC-| eee | EC-| nce | Te. | EC lec-cy Sas [enti 
sole Group*| Time | FCft CHt ECf Cut | TCt cur | Te lrecul ) eee 
mee ——~| recovered 
pe | BS 
hrs. mg. mg. mg mg. mg. mg. _ nn ae oul per cent 
4 A |0 6 1.7] 0.8) 7.3) 3.1} 9.0) 3.9) 81.1] 79.4 2214| 2122 8.8 
+0.3t/+0.2/41.2/+0.5/+1.5/40.1/40.6|4+0.8| +57) +88] +1.6 
5 Mi 6-24] 3.4 1.3) 13.6} 6.0) 17.0) 7.3) 80.0) 82.2 2004! 2283 16.4 
+0.4 |+0.1/41.8/+0.7)/+2.2/4+0.8/40.8/40.7/+152) +93) +1.7 
3 se 124-48] 3.4] 0.5) 8.3] 1.0) 11.7 1.5| 70.9} 66.7} 670) 608 3.4 
+0.9 |+0.1/+1.7/40.4/4+2.6/+0.5/40.2)41.7/4140/4118} 41.4 
3 B |06 1.0 1.5 2.5 60.0 
+0.0 +0.3 +0.3 +3.8 
3 ss 0-24) 3.3 6.1 9.4) 64.9 
+0.3 +0.8 +1.1) +2.1 























* Group A received sodium taurocholate, oleic acid, and 44 mg. of cholesterol-4- 
C™ with a specific activity of 5123 e.p.m. per mg.; Group B received sodium tauro- 
cholate and oleic acid. 

t These abbreviations are defined in the text. 

¢ Standard error of the mean. 


4-C™ was 5123 c.p.m. per mg., whereas the specific activities of the free 
and esterified cholesterol fractions of the lymph were less than one-half 
of this value. This indicated considerable endogenous dilution during 
the passage of cholesterol-4-C™ from the lumen to the lymph. The spe- 
cific activities of the free and esterified cholesterol in lymph for the 6 hour 
period were about the same, whereas that of the esterified cholesterol 
was slightly higher than that of the free cholesterol during the 6 to 24 
hour period. 

Experiment 2—This experiment was undertaken to determine the time- 
course of absorption and to correlate the degree of endogenous dilution 
of the fed cholesterol-4-C™ with that of the lymph cholesterol level (Table 
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Il). During the first 2 hours very little of the fed cholesterol-4-C™ (0.86 
per cent) appeared in the lymph. Presumably, this delay was due to the 
time required for emptying of the stomach. The amounts of TC-C™ 
and TC increased rapidly thereafter and reached a peak in 6 hours. At 
the end of 12 hours, 25.2 per cent of the fed cholesterol-4-C™ had appeared 


TaBLeE II 




















Cholesterol and Cholesterol-4-C™ of Rat Lymph at Short Intervals after Feeding of 
Cholesterol-4-C™ 
| | | | | | | Lymph choles- 
| | | | | terol specific | — 
- es : oe ee e EC JEC-c| activity} Administered 
Time* | FCft |FC-C't| ECt j|EC -C“t} TCT |TC oa Tc |tccu|———_ _| cholesterol-4- 
| | | | | - a C™ recovered 
| | | | Free | fed. | 
| aa le | o . —S 
hrs. | mg. mg. | mg. | mg. | mg. | mg. te | oa Poids per cent 
0-2} 0.46 | 0 0.09) 1.18) 0.27| 1. 64) 0.36) | 75.3) 1121 | 1390 | 0.86 
+0. 10§'+0.02'+0.25'+0.09) +0.35/-+0. Wet 3 +#2.0)+143 |+204 | +0.29 
2- 4| 0.69 | 0.37| 3.02) 1.62 3.71) 1.99) 80.3) 81.3} 3101 | 3253 | 4.73 
|+0.10 |+0.07)/+0. 67) +0.50)-+0.77) |0. 57/+1.3)42.2)/+214 +351 | +1.32 
4-6} 0.61 | 0.38) 3.43} 2.39) 4.04 2.77) 84.8) 86.3) 3751 | 4220 6.58 
‘+£0.08 wa 06) +0.56)+0.55 +0. 64|+0.61/-+0.6)1.2)-4134 4307 | 41.41 
6 8] 0.60 4 34 3.03 2.03) 3.63} 2.37) 83.5] 85.7) 3386 | 4046 | 5.63 
£0.06 |+0.03) +0. 30|/+0.34 +£0.36) +0.37 |#0.6)-+1.5)4151 +348 +2.68 
8-10} 0.53 | 0.26) 2.35) 1.39) 2.85 1.65) 81.4] 84.2) 3055 | 3621 | 3.92 
+0.07 |=0.03)+0.27| +0. 23/0. 34) 40. 26 (£1.0) 41.4) 165 +154 | +0.64 
10-12} 0.54 | 0.25) 2.09) 1.22) 2.63} 1.47| 79.1) 83.3} 2800 | 3538 3.49 
+0.02 |+0.02 +0.18)+0.18)+0.20\ +0. 20) +1. 5\-+1.1/+199 1182 | -+0.82 


12- al 2 2.79 | 0.94! 7.85] 3.67) 10.64| 4.63| 72.3) 79.2| 1976 | 2833 | 11.00 
140.25 |£0.30|40.65|-£1.85 +1.90)-+2.15)+2.7/+3.9 +388 


\+705 +5.10 
24- 48 | 3.39 0.46) 6.48) 0.80) 9.87) 1.26) 64.2) 63.1] 726 | 748 2.99 


oa 48 | #0. 23) +1.72|-£0.35)-2.20 +0. 58 +3. i].3.4| 4945 |#314 +2.20 





* Serial lymph samples collected from five 1 animé nals. 

{+ These abbreviations are defined in the text. 

t The cholesterol intake per rat was 42.1 mg., with a specific activity of 6051 ¢.p.m. 
per mg. 

§ Standard error of the mean. 


in the lymph. During the next 12 hours, although the lymph was vir- 
tually clear, an additional 11.0 per cent appeared in it. The average 
values for esterified cholesterol indicated that, during the height of ab- 
sorption at 6 hours, 84.8 per cent of the TC and 86.3 per cent of the TC-C" 
were in the esterified form. In several animals the per cent EC-C™ reached 
levels of 90 per cent. During the later periods (12 to 24 and 24 to 48 
hours) in which smaller increases in the lymph TC and TC-C" occurred, 
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trast, the free cholesterol as fC or as FC-C" increased very little during 
the period of rapid absorption. 

The specific activity of the fed cholesterol was 6051 ¢.p.m. per mg. 
The specific activities of the free and esterified cholesterol in lymph in- 
creased and then decreased in parallel with the changes in the levels of the 
cholesterol fractions. The specific activity of the esterified cholesterol 
fraction of lymph during the first 2 hours was 1390 c.p.m. per mg.; this 
result indicates considerable endogenous dilution. The specific activity 
of this fraction increased to 4220 c.p.m. per mg. at 6 hours, which still 
represented a 30 per cent endogenous dilution of the fed cholesterol-4-C™. 
Whereas the specific activity of the free cholesterol fraction followed the 
same pattern as that of the esterified cholesterol, it had a lower specific 
activity at the various time intervals than the esterified cholesterol. 


Tas_e III 
Endogenous Dilution of Fed Cholesterol-4-C™ in Lymph and Intestinal Lumen 








Site } Specific activity total | Endogenous dilution fed 
ba cholesterol } cholesterol-4-C4 
c.p.m. per mg. per cent 
Test meat*. ...... Be : 4885 
Intestinal lumen... . , : 4348 + 126+ 11.0 + 2.5 
ee 2350 + 187 51.9 + 2.0 





* Four animals, each fed 39.7 mg. of cholesterol-4-C™; animals were sacrificed 6 
hours after administration of the emulsion. 
+ Standard error of the mean. 





Experiment 3—The specific activity of the total cholesterol present 
in the lumen of the intestine after the first 6 hours of cholesterol absorp- 
tion was 4348 c.p.m. per mg., whereas that of the fed cholesterol-4-C"™ 
was 4885 c.p.m. per mg. (Table III). This demonstrates that very little 


_ endogenous dilution (11.0 per cent) of the fed cholesterol-4-C™ occurred 


in the intestinal lumen. The specific activity of the total cholesterol in 
lymph was 2350 c.p.m. per mg. which represented 51.9 per cent endogenous 
dilution of the fed cholesterol-4-C™ or 46.0 per cent of that in the lumen. 


DISCUSSION 


In 1916, Mueller (9) demonstrated the presence of esterified cholesterol 
in lymph following the feeding of free cholesterol. Sano (10) and others 
(11, 12) reported similar observations. Chaikoff and coworkers (1-3) 
confirmed these findings with cholesterol-4-C"“ and reported values of 
EC-C ranging from 40 to 60 per cent in lymph. In a more recent study 
by Daskalakis and Chaikoff (13), it was found that regardless of the 
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amount of fed cholesterol-4-C™, about 72 per cent of the TC-C™ was es- 
terified. In the present study in which a large amount of cholesterol- 
4-C™ (40 to 44 mg.) was fed under optimal conditions for cholesterol ab- 
sorption, there were chemical increases in lymph cholesterol as well as 
the appearance of cholesterol-4-C". The average value of EC and EC-C* 
was as high as 86 per cent and in individual animals reached as high as 
90. Also, there was a close relationship between the per cent esterified 
cholesterol (as EC or EC-C™) in lymph and the period of maximal ab- 
sorption. Contrary to previous findings (13), it is apparent that the 
greater the amount of fed cholesterol absorbed per unit time the greater 
the proportion of it that is esterified. 

From the present findings and those of Vahouny and coworkers (14),| 
it appears that 80 to 90 per cent of the cholesterol that is absorbed is 
esterified. The appearance of small amounts of FC-C™ and small in- 
creases in FC in lymph during absorption are consistent with the view that 
during fat and cholesterol absorption certain components are needed for 
chylomicron formation, namely, free cholesterol, phospholipide, and 
protein (15). When fat alone is fed, there are small but definite increases | 
in the cholesterol and phospholipide of lymph (12-16). The esterification | 
reaction which occurs during the absorption of cholesterol is probably! 
mediated by pancreatic cholesterol esterase (17). 

The transfer of fed cholesterol to the lymph may be much more 7 
than has been previously reported (1-4). The peak of transfer under the 
conditions of our experiments occurred during 6 to 8 hours, and most of 
the cholesterol was absorbed within 12 hours. Conditions for normal 
absorption were simulated by the inclusion of protein, fat, and carbo- 
hydrate in addition to cholesterol in the emulsion fed. 

The marked dilution in specific activity of the fed cholesterol-4-C™ 
from the lumen to the lymph did not occur in the lumen and, therefore, | 
must have occurred by mixing with a pool of endogenous cholesterol in 
the intestinal mucosa. Practically all of the cholesterol in the mucosa is 
present as the free alcohol; the average rat intestine contains only 1 mg. 


of esterified cholesterol (12). If the observed endogenous dilution of fed | 


cholesterol-4-C“ were due to the presence of a rapidly turning over pool 


of esterified cholesterol, then, after a short period of time, the specific | 


activity of this fraction in lymph should approach that of the fed choles- 
terol-4-C. Also, the appearance of cholesterol-4-C™ in the lymph for 
periods beyond 24 hours strongly suggests a dynamic pool several orders 
of magnitude greater than can be accounted for by the esterified choles- 
terol fraction in the mucosa. Since there is adequate free cholesterol in 
the intestinal wall, the turnover of such a pool could explain the observed 
endogenous dilution of fed cholesterol-4-C"™. 
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The existence of a cholesterol-absorptive pool could explain (a) the ap- 
pearance of cholesterol-4-C™ in lymph for periods up to 48 hours after the 
feeding of cholesterol-4-C™ without a concurrent chemical increase, (b) the 
large dilution in the specific activity of the fed cholesterol-4-C™ during 
absorption, and (c) the failure to observe a proportionately higher per cent 
cholesterol absorption when smaller amounts of cholesterol are fed. 


SUMMARY 


1. Rats with lymph fistula were given an aqueous emulsion containing 
40 to 44 mg. of cholesterol-4-C", sodium taurocholate, oleic acid, albumin, 
and glucose. 

2. The appearance of cholesterol-4-C™ and increases in the level of cho- 


| lesterol in lymph were very rapid; the peak of absorption was 6 to 8 hours. 


After 12 hours the lymph assumed its clear postabsorptive state, but cho- 
lesterol-4-C' continued to appear in lymph up to 48 hours. 

3. The per cent esterified cholesterol, determined both chemically and 
by C' measurements, rose to high values (84 to 86 per cent); the greatest 


| increase in this fraction occurred during the peak of cholesterol absorp- 


tion. 

4. There was considerable endogenous dilution of the fed cholesterol- 
4-C“. Both the free and esterified cholesterol fractions of lymph had 
specific activity values of 50 per cent of, or less than that of, the fed cho- 
lesterol-4-C™. The degree of endogenous dilution was less during the pe- 
riods (2 to 12 hours) when the greatest increase in the FC and EC fractions 
occurred. The existence of a cholesterol-absorptive pool in the mucosa 
is postulated, and its relation to certain observations in cholesterol ab- 


sorption is discussed. 
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COUPLING OF OXIDATION OF SUBSTRATES 


37: CTT WETETED WATT ORS 
TO REDUCTIVE BIOSYNTHESES* 
ms I. EVIDENCE OF SUBSTRATE SPECIFICITY IN THE REDUCTIVE 


SYNTHESIS OF TRIOSE PHOSPHATE 


By HENRY D. HOBERMAN 


(From the Department of Biochemistry, Albert Einstein College of Medicine, 
Yeshiva University, New York, New York) 


(Received for publication, September 25, 1957) 


It may be postulated that in intact cells, in a sequence of reactions in 
which one or more steps are the reductive addition of hydrogen to an ac- 
ceptor, kinetic as well as thermodynamic factors will dictate whether or 
not hydrogen is transferred from a particular donor to the appropriate 
acceptor. The heterogeneous distribution of dehydrogenases within the 
cell and differences among them in the strength of binding of coenzymes 
are factors which may be expected to determine which of several substrates, 
all equally suitable as hydrogen donors on thermodynamic grounds alone, 
vill serve in a particular oxidation-reduction reaction. 

The above hypothesis may be tested by tracing the passage of hydrogen 
‘yom several possible donor molecules to an appropriate acceptor, one of the 
iydrogen isotopes being used as a label. If each of the selected substrates 
s found to contribute a similar amount of hydrogen to the acceptor, it 
nay be assumed that in every case the amount of reduced coenzyme 
wailable to the acceptor is more or less the same, and therefore that there 
is no specific relationship between the identity of the substrate and the 
‘yield of product. If, on the other hand, large differences in the extent of 
‘incorporation of isotopic hydrogen into the acceptor molecule are observed 
with the use of different substrates, the results are consistent with the 
stated hypothesis. This experimental approach is made feasible by the 
fact, as shown by Vennesland and her colleagues, that in numerous in- 
stances the transfer of hydrogen from donor to coenzyme and from reduced 
coenzyme to acceptor is direct (1-3).! 

} In the experiments reported in this paper, lactate, malate, and 6-hydroxy- 
butyrate were selected for study as hydrogen donors and 3-phosphoglycer- 
ate as the acceptor. In rat liver the dehydrogenases which act upon 
these substances are known to require diphosphopyridine nucleotide 

* A preliminary report of some of this work has appeared (Federation Proc., 16, 


197 (1957)). Aided by grants from the National Science Foundation and the Sugar 
Research Foundation, Inc. 


1 The direct transfer of hydrogen between DPN and 6-hydroxybutyrate has re- 
| cently been demonstrated by Marcus and Stern (15). 
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(DPN) as coenzyme. It is believed that the glycolytic enzymes of rat 


2 
liver are located in the soluble portion of the cytoplasm (4), whereas both aliens 
malic (5) and 6-hydroxybutyrie (6) dehydrogenases are thought to be sure in 
constituents of mitochondria. This selection of conditions, it was assumed,  gitions 
might be more likely than any other to reveal evidence of kinetic inhomoge) the cho 
neity of intracellular DPN. pi-Lactate, pL-malate, and pi-6§-hydroxy- Howeve 
butyrate were therefore prepared by methods which led to the introduc. tained : 


tion of deuterium in a position in the molecule appropriate for transfer to This w. 
DPN. After separately administering the labeled substrates to fasting reactios 
rats, glycogen was isolated from the livers and analyzed for deuterium. lation 1 
A sample of the body water was also analyzed for deuterium. In several FeCl, y 
instances the liver fatty acids and cholesterol were also obtained and ; 


: : This w: 
analyzed for deuterium. 


; ; equival 

The experimental data revealed that the liver glycogen contained a and wa 
highly significant amount of stably bound deuterium after administering 5, wate 
pL-2-deuteriolactate, a small but analytically significant concentration of extract: 
the isotope after giving DL-2 ,3-deuteriomalate, and an insignificant amount equival 
after the ingestion of a mixture of normal pL-lactate and pL-2 ,3-deuterio- lated f 


8-hydroxybutyrate. In no case was there evidence of utilization of the of the! 
hydrogen of the substances mentioned above in the synthesis of cholesterol] 5, the. 
or fatty acids. . Pee | exchan: 

These results thus provide evidence of substrate specificity in the reduc- A ow 
tive synthesis of carbohydrate and suggest that intracellular DPN is 


kinetically in as follo 
r « y » ‘ 

inetically Inhomogeneous. ond Bs 

EXPERIMENTAL at atm 

Preparation of Labeled Compounds—v.-2-Deuteriolactic acid was syn- D2 upt 





thesized by decarboxylation and hydrolysis of methylbromomalonic acid. be — 
in D,O.2 The deuteriolactic acid was isolated as the Zn salt, steps being | NaOH 
taken to remove labile deuterium from the product. After recrystalliza-; OV@™™E 
tion, the purity of the zinc lactate was verified by analysis for Zn and the} €V@Por 
water of crystallization, and by titration with standard NaOH of the| 250 ml 
effluent obtained on passing a solution of a weighed amount of the com-| throug 
pound through a column of Amberlite IR-120 H. The anhydrous com-} from tl 
pound contained 8.84 atom per cent excess D. At least 90 per cent of| a suita 
the isotope in the labeled lactate was present in the 2 position. This was| the pr 
established by observing that oxidation of the deuteriolactate by crystalline | adding 
lactic dehydrogenase in the presence of a-ketoglutarate, ammonia, DPN,| the sy: 
and highly purified glutamic dehydrogenase yielded glutamic acid con-| additic 


taining deuterium in a concentration equivalent to 90 per cent of the} eollect 
calculated value.’ with e 
2 To be reported. The yi 


3 Unpublished observations carried out in collaboration with Dr. Harold Strecker. | eoneen 
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DL-2 ,3-Deuterio-8-hydroxybutyric acid was prepared by reducing ethyl 
acetoacetate, dissolved in absolute ethanol, with D, at atmospheric pres- 
sure in the presence of platinum black (Adams’ catalyst (7)). The con- 
ditions differed from those described by Adkins ef al. (8) with respect to 
the choice of catalyst and the temperature and pressure of the reaction. 
However, in accord with their results, ethyl 6-hydroxybutyrate was ob- 
tained as the sole product when the reduction was carried out in ethanol. 
This was ascertained in the present work by fractionally distilling the 
reaction mixture after the catalyst and solvent were removed. The distil- 
lation yielded only a single fraction which gave a negative reaction with 
FeCl;, and from which 6-hydroxybutyric acid was subsequently isolated. 
This was accomplished by hydrolyzing the distillate with the calculated 
equivalent of NaOH in aqueous ethanol. After saponification, the ethanol 
and water were removed by distillation in vacuo, the residue was dissolved 
in water, and the solution acidified with HCl. The product obtained by 
extraction with ether was isolated by distillation (140°, 20 mm.). The 
equivalent weight of the distillate, as shown by titration, was 107; calcu- 
lated for 2 ,3-deuterio-8-hydroxybutyric acid, 106. The D concentration 
of the Na salt was 8.7 atom per cent excess; theory, 28.6. The discrepancy 
in the concentration of D must be ascribed to dilution of deuterium by 
exchange with the solvent (9). 

A subsequent preparation, carried out on a larger scale, was conducted 
as follows: 50 gm. (0.384 mole) of ethyl acetoacetate (Matheson, Coleman, 
and Bell) were dissolved in 50 ml. of absolute ethanol and reduced with D, 
at atmospheric pressure with 1 gm. of PtO, as catalyst. On cessation of 
D, uptake (approximately 72 hours), the ferric chloride test was found to 
be negative. After removing the catalyst by filtration, 154 ml. of 2.5 n 
NaOH were added to the solution, which then stood at room temperature 
overnight. Water and ethanol were removed from the hydrolysate by 
evaporation in vacuo at 40°. The syrup which remained was dissolved in 
250 ml. of water and the resulting solution freed from Na+ by passage 
through a column of Amberlite IR-120 H. The effluent and washings 
from the column contained 0.350 mole of product, as shown by titration of 
a suitable aliquot. 140 ml. of 2.5 n NaOH were added to the solution and 
the product was concentrated by evaporation in vacuo at 40°. After 
adding and reevaporating 100 ml. quantities of ethanol several times, 
the syrupy residue was dissolved in 75 ml. of absolute ethanol. Upon 
addition of 200 ml. of dry ether, a precipitate formed and was allowed to 
collect for 2 days at 5°. The product was removed by filtration, washed 
with ether, and dried, first in air, then in vacuo, in the presence of POs. 
The yield was 41.8 gm., or 86.5 per cent of the theoretical amount; D 
concentration, 7.40 atom per cent excess. 
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DL-2,3-Deuteriomalic acid was synthesized by reducing diethyl oxal- 
acetate in ethanol with D, and platinum black under conditions similar 
to those employed in the reduction of ethyl acetoacetate. After removal 
of the catalyst, the ester was saponified by adding an equivalent quantity 
of 2.5 n NaOH and allowing the mixture to stand overnight at room 
temperature. Nat* was then removed from the hydrolysate by treatment 
with Amberlite IR-120 H. After decolorizing with charcoal, the acidic 
solution was evaporated to dryness and the resulting deuteriomalic acid 
was recrystallized from nitroethane or ethyl acetate; m.p. 128° (uncor- 
rected). The D concentration of the diphenacyl ester (m.p. 123° (un- 
corrected)) was 2.61 atom per cent excess; theory, 11.1 atom per cent excess. 
From 32.0 gm. of diethyl oxalacetate were obtained 10.8 gm. of deute- 
riomalic acid (47.5 per cent of theory). 

Inasmuch as the observed concentration of deuterium in the deuteri- 
omalic and deuterio-8-hydroxybutyric acids indicated that extensive 
exchange of deuterium between the solvent (ethanol) and the gas phase 
had occurred, it was not possible to calculate the number of atoms of 
carbon-bound D which had been introduced in the reduction. Because of 
the preponderance of the enol form of both keto esters in ethanolic solution 
and because the olefinic linkage is reduced more rapidly than the carbonyl 
group, it is assumed that deuterium is present in equal concentration in the 
2 and 3 positions of the deuteriomalic and deuterio-6-hydroxybutyric acids. 

Deuteriolactate was administered as the Na salt. This was prepared by 
removing Zn** from a solution of zinc deuteriolactate with Amberlite 
IR-120 H and adding the equivalent amount of NaOH. The volume of 
the neutralized solution was then reduced by evaporation in vacuo at 50° 
until the concentration of lactate was 2 m. 

Deuterio-8-hydroxybutyrate was also administered as the Na salt in 2 M 
solution, while deuteriomalate was given in the form of a 2 m solution of 
the half neutralized Na salt. 

Animal Experiments—Male rats of the Sprague-Dawley strain, weighing 
250 to 290 gm., were fasted for 24 hours before use. Each animal received 
by stomach tube 5.0 mmoles of substrate (2.5 ml.).4. In experiments 
performed with deuterio-8-hydroxybutyrate, the 2.5 ml. of solution also 
contained 5.0 mmoles of normal pt-lactic acid in order to assure a net 
synthesis of glycogen. 3 hours after receiving the isotopic compound, the 
animals (usually three to five per group) were anesthetized with sodium 
pentobarbital. The livers were removed and glycogen was isolated and 
purified according to the method of Stetten and Boxer (10). The total 
amount of liver glycogen was determined by applying the anthrone pro- 


4In one experiment 5 mmoles of deuteriolactate were injected subcutaneously; 
see Table I. 
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il- cedure (11) to an aliquot of an aqueous solution of the partially purified 
ar material. 
al To isolate fatty acids and cholesterol, 2 volumes of 75 per cent ethanol 
ty were first added to the glycogen-free extract. The resulting solution was 
m boiled under a reflux for 3 hours, cooled, and extracted with petroleum 
nt ether. After being dried with anhydrous sodium sulfate, the extract was 
‘ic evaporated to dryness, the residue dissolved in absolute ethanol, and 
id cholesterol precipitated as the digitonide. Fatty acids were extracted 
r'- from the acidified cholesterol-free hydrolysate with petroleum ether and 
n- isolated by evaporation of the solvent. 
mi Deuterium analyses were performed by a modification of the method 
e- first described by Graff and Rittenberg (12).5 
.. Results 
ve When pt-2-deuteriolactate was administered to fasting rats, either by 
se stomach tube or by subcutaneous injection, deuterium appeared in the 
of 
of TABLE I 
yn Incorporation of D in Glycogen and Body Water of Fasting Rats Receiving 
yl tina ttn bt: » nr 
. Substrate | er wera tration of | teaton of 
| Sak, | wee | Se, Se 
of pL-2-Deuteriolactate.. . ine’ 44.2 1.38 0.19 0.02 
Q° p> Be dowutsd-Oekktesa eines 44.2 | 0.80 0.20 0.02 

pL-2,3-Deuteriomalate................. 23.5 0.45 0.04 0.02 

~ eer ee 23.5 0.68 0.03 

M pL-2,3-8-Deuteriohydroxybutyrate..... 25.9 0.52 0.01 0.00 
of 500 + ——----- — 





* Refers to D concentration in the positions denoted by the numerals in the name 
of the compound. 


ng t Injected subcutaneously. 


ed 
_ liver glycogen in a concentration which is more than 10 times that of the 
net body water (Table I). The yield of glycogen will be noted to be approxi- 


et + mately 1 per cent. Inasmuch as the glycogen content of the livers of 
he rats serving as fasting controls was uniformly found to be less than 0.1 
- per cent, dilution of the deuterium in liver glycogen formed from deuterio- 
_ lactate by hydrogen of preformed glycogen did not exceed 10 per cent. 
a 

” 5 The mass spectrometer used for these analyses (Consolidated Electrodynamics, 


Inc., model No. 21-401) was purchased with funds made available by a grant from 
ly; the National Institute of Arthritis and Metabolic Diseases and the National Heart 
Institute (No. AH-950), National Institutes of Health, Public Health Service. 





XUM 
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Approximately 0.45 per cent (0.20 X 100/44.2) of the H atoms of the 
glyeogen was derived from the a-hydrogen atom of the administered 
lactate. 

Although appreciable net synthesis of glycogen occurred after adminis- 
tering DL-2,3-deuteriomalate, the extent of incorporation of deuterium 
into the glycogen was approximately a third of that noted after feeding 
deuteriolactate; 7.e., only 0.17 per cent (0.04 & 100/23.5) of the H atoms 
of glycogen was derived from the administered deuteriomalate. 

The deuterium concentration of the liver glycogen formed from the 
mixture of normal lactate and deuterio-8-hydroxybutyrate is not con- 
sidered analytically significant. 

No significant incorporation of deuterium into the fatty acids or choles- 
terol was seen in any of the experiments. 


DISCUSSION 


The appearance of a significant excess of deuterium in liver glycogen 
after administering DL-2-deuteriolactate may be interpreted as evidence of 
coupling in vivo between the lactic and triosephosphate dehydrogenase 
systems. Although at first sight this interpretation may appear to be at 
variance with the observed difference in stereospecificity of transfer of 
hydrogen between t-lactate and DPN and triose phosphate and DPN 
(2, 3), further reflection leads to the conclusion that there is no inconsistency 
between the demands of stereospecificity and the data reported in this 
paper. In the initial cycle of oxidation of deuteriolactate and reduction of 
phosphoglycerate, deuterium is incorporated in the para position of oxi- 
dized DPN. Consequently, in ensuing cycles, reduced DPN, formed 
in the oxidation of deuteriolactate, contains 2 atoms of deuterium in the 
para position. Regardless of stereospecificity, therefore, deuterium ap- 
pears in the product of the coupled oxidation-reduction reaction. This is 
not the case, of course, in experiments designed to demonstrate the stereo- 
specificity of hydrogen transfer, for in those instances stoichiometrically 
equivalent concentrations of DPN and substrate are used in a single 
cycle of oxidation and reduction. 

The present results are not surprising in view of long established know]- 
edge of the interaction between the lactic acid and triosephosphate de- 
hydrogenase systems in anaerobic glycolysis. Of greater interest is the 
fact that neither the administration of deuteriomalate nor of deuterio-B-hy- 
droxybutyrate resulted in similar labeling of the liver glycogen. 

One explanation of these observations is that the initial oxidation of the 
administered malate and 6-hydroxybutyrate took place in tissues other 
than the liver. However, the appearance of a relatively large amount of 
glycogen in the liver after administering deuteriomalate and the fact that 
malic dehydrogenase is known to be present in rat liver suggest that oxida- 
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H. D. HOBERMAN 15 
the ' — : , 
eq | tion of a significant proportion of the malate took place in that organ. 
: It should be pointed out that, although the deuterium concentration of 
the glycogen obtained after feeding deuteriomalate is analytically signifi- 


1is- ay: :' : ; 

nil cant, it is not at all improbable that the deuterium so introduced was 

“ derived from the 3 position. Experiments designed to throw light on this 
g question are in progress. 

ms 


Direct evidence that administered 6-hydroxybutyrate is oxidized in the 
liver is provided by experiments recently carried out in this laboratory.® 

the ; : bg ; 
It has been observed that the ingestion of pL-2,3-deuterio-8-hydroxy- 


-” butyrate by fasting rats leads to the appearance of deuterioglutamate in 
ies the liver. ' is 
The observations described in this communication also suggest that 
neither malate nor 8-hydroxybutyrate is an important source of hydrogen 
necessary for the reversal of glycolysis in liver. Because of the prominent 
= role which malate is believed to serve in the generation of phosphoenol- 
er pyruvate (13), it is of interest that the oxidation of this dicarboxylic acid 
does not appear to be closely coupled to the reduction of 3-phosphoglycerate 
ase : * pe . : ; 
at | 2°38 the oxidation of lactate. Although this can by no means be inter- 


of preted as evidence against the participation under physiological conditions 
PN of the malic enzyme and malic dehydrogenase in the formation of phos- 
phoenolpyruvate, the results described here suggest that, if malate is 
his indeed an important source of phosphoenolpyruvate for the synthesis of 
carbohydrate, some other substrate must furnish hydrogen for the reduc- 


1 of ‘ " : 
a tive synthesis of triose phosphate. 
ne The presence of a significant excess of deuterium in glycogen formed 


iia from administered deuteriolactate and the failure of similar amounts of 
deuterium to be incorporated into glycogen after giving deuterium-labeled 


~s's 8-hydroxybutyrate or malate suggest that the DPNH of the liver is not 
ane ’ present as a homogeneous pool. Stating the results in another way, it 
ly may be said that the DPNH formed in the oxidation of B-hydroxybutyrate 
gle or malate is not available for the reduction of phosphoglycerate. There is 
a complementary relationship here to the results reported by Lehninger 
ik: (14) which show that DPN, when added to a suspension of liver mito- 
a chondria, does not react with the cytochrome c reductase within the 
the mitochondrion. The present results suggest that DPNH formed within 
y- the mitochondrion is not available for the reduction of substrate located 
outside that structure. 
the SUMMARY 
her pa ee Py ae ee ~~ ve, 
t of pL-2-Deuteriolactate, pL-2,3-deuteriomalate, and DL-2,3-deuteriohy- 


hat droxybutyrate were synthesized and administered to fasting rats. Glyco- 
Ale . . . + . 
gen, fatty acids, and cholesterol were isolated from the livers. The experi- 


5 To be reported. 
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mental data revealed that the glycogen contained a highly significant 
amount of stably bound deuterium after administering deuteriolactate, a 
small but analytically significant concentration of the isotope after giving 
deuteriomalate, and an insignificant amount after the ingestion of a mixture 
of normal pt-lactic acid and deuterio-6-hydroxybutyrate. In no case 
was there evidence of utilization of the hydrogen of the labeled substances 
in the synthesis of cholesterol or fatty acids. These results provide evi- 


dence of substrate specificity in the reductive synthesis of triose phosphate | 


and suggest that intracellular diphosphopyridine nucleotide is kinetically | 
inhomogeneous. 


Addendum—Since submitting this manuscript for publication, it has been ob- 
served that the administration of a-a’-deuteriofumarate results in the incorporation 
of a significant amount of deuterium in the liver glycogen. This suggests that hy- 
drogen of endogenously formed malate is better used in the synthesis of glycogen 
than the hydrogen of exogenous malate. 
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THE INDOLE ACIDS OF HUMAN URINE. PAPER 
CHROMATOGRAPHY OF INDOLE ACIDS* 
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J. GORTATOWSKI, anp HERBERT SINGERf 
(From the Laboratory for the Study of Hereditary and Metabolic Disorders, and the 
Departments of Biological Chemistry and Medicine, University of 
Utah College of Medicine, Salt Lake City, Utah) 


(Received for publication, October 31, 1957) 


Nencki and Sieber (1) first reported the formation of a red pigment in 
urine which had been made strongly acid by the addition of mineral acids, 
and they named the pigment “urorosein.” At one time considerable im- 
port was attached to the appearance of a strongly positive urorosein reac- 
tion (2,3). Herter (2), however, established that this reaction frequently 
could be associated with gastrointestinal disturbances, succeeded in iso- 
lating indoleacetic acid as the urinary chromogen in one such case (4), and 
inferred that indoleacetic acid of intestinal origin was responsible for the 
urorosein reaction. This view was widely accepted, and for many years 
little further work was done on the nature and significance of this reaction. 
The observation that a strongly positive urorosein reaction always can be 
demonstrated in the urine of patients with phenylketonuria led to the iden- 
tification of indoleacetic and indolelactic acids as the major indole com- 
pounds in their urine (5). In addition, paper chromatograms of extracts 
revealed the presence of 5-hydroxyindoleacetic acid and many other indole 
acids. Recently, the excretion of greatly increased amounts of indoleacetic 
acid, N-(indole-3-acetyl)glutamine, and tryptophan by patients with 
Hartnup disease was reported (6). Hartnup disease is a newly described 
hereditary abnormality in the metabolism of tryptophan and is character- 
ized by pellagra-like skin rashes accompanied by intermittent cerebellar 
ataxia and mental deterioration (7). In addition, it may be recalled that 
Ross (8) observed that a greatly increased urorosein reaction could be ob- 
served with the urine of insane patients, as compared with that of normal 
individuals, and that the occurrence of this strongly increased reaction in 
two patients probably did not occur as the result of differences in the food 
intake or in intestinal putrefaction in the case of the patients (9). 


* This research was supported by research grants from the National Institutes of 
Health, United States Public Health Service. 

A preliminary report was presented at the 128th national meeting of the American 
Chemical Society, Minneapolis, Sept. 11-16, 1955. 


{ Present address, The Fels Research Institute, Antioch College, Yellow Springs, 
Ohio. 
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In order to understand better the significance of the presence of the 
indole acids in phenylketonuric urine and in other pathological conditions, 
it became necessary to study the indole acids of normal urine. A similar 
study of the phenolic acids of human urine already has been described (10). 
Recently there have been several reports on the paper chromatography of 
indole acids (11-21). The purpose of the present paper is to report the 
indole acids which have been detected by two-dimensional paper chroma- 
tography of extracts of a large number of normal and pathological urine 


samples, to present the chromatographic properties of a number of authen- | 


tic indole acids which conceivably could be present in urine, and, where 
possible, to accord tentative identification of the urinary compounds. It 
has been found that many samples of urine which give a strongly positive 
urorosein reaction may contain only minor amounts of indoleacetic acid, 
but larger amounts of other substances. These findings reopen for study 
the possible significance of the urorosein reaction in some of the patholog- 
ical conditions in which it has been observed. 


EXPERIMENTAL 


Indole, skatole, indoleacetic and indolepropionic acids, and tryptophan 
were obtained from commercial sources. N-(Indole-3-acetyl)glutamine 


was obtained from Dr. J. B. Jepson and pyrrole-2-carboxylic acid from | 


Dr. C. E. Dalgliesh. The syntheses of -(5-methoxyindole-3)lactic 
acid (22) and 6-(5-hydroxyindole-3)lactic acid (22) and B-(indole-3)lactic 
acid,! 8-(indole-3)pyruvic acid,! 8-(indole-3)acrylic acid,! sodium indole-3- 
glycolate,! 8-(indole-3)-a-oximinopropionic acid,! and _ indole-3-glyoxyl- 
amide,! have been described. N-(Indole-3-acetyl)glutamine and N-(in- 


dole-3-acetyl)asparagine were prepared by coupling indoleacetic acid with | 


the parent amino acids by the mixed anhydride procedure, as described by 
Wieland and Horlein (23). N-(Indole-3-acetyl)-a-alanine, -8-alanine, -glu- 
tamic acid, and -aspartic acid were synthesized by coupling indoleacetic 
acid with the appropriate amino acid ester by the mixed anhydride pro- 
cedure of Vaughan and Eichler (24). N-(Indole-3-acetyl)-y-aminobutyric 
acid, -8-aminoisobutyric acid, and -glycine were made by coupling indole- 
acetyl chloride with the proper amino acid by use of Schotten-Baumann 
conditions. Complete details on the preparation of these derivatives of 
indoleacetic acid will be presented elsewhere. The remainder of the indole 
acids was prepared by methods described in the literature. 
Chromatography was carried out according to the methods reported 
previously for the study of phenolic acids (10). Data obtained with the 
n-butanol-pyridine-dioxane-H,O solvent are not recorded here because of 


1 Shaw, K. N. F., McMillan, A., Gudmundson, A., and Armstrong, M. D., unpub- 
lished work. 
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the absence of any marked advantage of this system for distinguishing the 
indole acids. Extracts of urine were prepared in the same manner as re- 
ported for the phenolic acids (10). When possible, urine collected for study 
was frozen immediately upon being voided and was stored in the deep 
freeze until it was extracted; when this was unfeasible, it was preserved by 
the addition of a crystal of thymol and was stored in the cold. 

The most useful reagent for the detection of the indole acids is an acidic 
solution of p-dimethylaminobenzaldehyde. The reagent described by Berry 
et al. (25) is somewhat unsatisfactory, since the slow evaporation of water 
from sprayed chromatograms prolongs the time period during which maxi- 
mal color development is attained with many of the compounds. In the 
present study the following spray reagent (PDAB) was used: 2 gm. of 
p-dimethylaminobenzaldehyde dissolved in a mixture of 80 ml. of 95 per 
cent ethanol and 20 ml. of 6N HCl. It is advisable to mix the ethanol and 
acid before dissolving the reagent; otherwise, local high acid concentration 
may cause the development of a strong yellow color in the reagent and lead 
to a yellow background which makes difficult the detection of faint spots. 
PDAB causes the appearance of spots ranging in color from blue-green 
through blue to bright pink with the authentic indole compounds and with 
acids present in urine. In addition, many substances in urine respond with 
the formation of yellow colors. None of the substances which give rise to 
yellow colors have been identified with any degree of certainty and are not 
shown on the chart of urinary compounds (Fig. 1). Compounds giving 
purple or blue colors with the reagent most probably contain the indole 
nucleus; although other substances give purple colors, the extraction pro- 
cedure used in processing urine excludes them from the compounds studied 
here. Since some indole compounds give pink colors with the reagent, the 
unknown substances which give rise to pink colors may be indoles, but 
with less probability than the ones which give purple colors. 

Despite the improvement in the rate of color development with the 
reagent described above, a considerable difference in the time for maximal 
color formation, ranging from 5 minutes to over 24 hours, still exists. Be- 
cause of variations in humidity, temperature, ventilation, and amount of 
solvent sprayed onto chromatograms, it is impossible to ascribe a definite 
time of maximal color development. In Table I the rate is listed as being 
fast, medium, or slow, with reference to the time required for maximal color 
formation with indoleacetic acid. In some cases, however, differences in 
the rate of development of color may be observed on chromatograms of 
urine extracts as compared with pure compounds. This is particularly 
true of N-acetyltryptophan and indoleacetylglutamine. On chromato- 
grams containing pure compounds, both of these develop color at the same 
rate as indoleacetic acid; in urine extracts, their color development is 
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somewhat slower. Also, despite the uncertainties caused by the differing 
rates of appearance and the different colors given by different compounds, 
an estimate of the intensity of maximal color is also referred to indoleacetic 
acid; 7.e., the amount of each compound which forms a color comparable in 
intensity to that given by 5 y of indoleacetic acid. Almost all the indole 
compounds develop a maximal color within 5 to 30 minutes and fade. 
There are notable exceptions to this behavior. Indole-2- and 3-carboxylic 
acids develop much stronger colors after 24 hours or longer standing. 
2-Pyrrolecarboxylic acid develops an early strong pink color, which after 
24 hours is an equally strong purple color which persists. Indoleacrylic 
acid develops an early strong pale green color which fades; then a stronger 
blue-green color develops during the next 24 hours and remains. In this 
case the initial color is usually not observed in urine extracts because of 
proximity of indoleacetic acid on the chromatograms. 

Distinguishing characteristics of the authentic indole compounds other 
than their behavior when treated with PDAB are not given, except in cases 
in which a particular reaction is especially useful. The papers cited above 
from other laboratories list many of the other qualitative reactions which 
have been applied to many of the compounds reported. In practice, how- 
ever, PDAB is the most useful reagent for detecting and characterizing 
indole acids. This is particularly true when the additional information 
included here is available; 7.e., rate of development of maximal color, color 
at time of maximal intensity and after 24 hours, and the intensity of the 
color as compared with that given by indoleacetic acid. 

Most of the indole acids show some type of fluorescence when examined 
under ultraviolet light. The fluorescence varies in color and intensity, 
however, depending upon the solvent system used, the length of time the 
developed chromatograms are allowed to stand before examination, and the 
amount of compound present. In a few cases, the ability of compounds to 
quench the background fluorescence of the paper has been consistent and is 
useful, and a few of the compounds show a characteristic fluorescence. 
These cases are noted in Table I. 

Variations in R, values are to be expected since factors such as tempera- 
ture, humidity, and minor variations in solvent composition have a pro- 
nounced effect.. Temperature has appeared to be the major factor which 
influences these variations. It has been observed that, the greater the 
volatility of the solvent system used, the greater will be the temperature 
effect; viz., in the case of 20 per cent KCl, differences in temperature have 
little effect, whereas in the isopropyl alcohol-ammonia-water system tem- 
perature effects are marked. However, relative Rr values under given 
conditions on the same chromatogram remain the same, despite consider- 
able variation in absolute Ry values. In order to overcome these differ- 
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ences, exceptional precautions were taken to establish precise values for 
indoleacetic acid in each solvent system; the Ry values listed in Table I 
for the other compounds were adjusted to correspond with the standard 
value for indoleacetic acid. 

Fig. 1 is a schematic diagram which indicates the compounds which have 
been definitely characterized in the course of an examination of over 1000 
samples of urine from healthy and sick individuals. As with the phenolic 
acids (10), the compounds are assigned numbers, with an increasing number 
indicating a decreasing order in the frequency with which the compound 
has been observed. Considerable variation has been noted in the amounts 
of the compounds present in samples of urine from various persons. In 
most cases, however, indoleacetic acid has been observed in amounts rang- 
ing from less than 1 y to approximately 10 y per mg. of creatinine, indole- 
lactic acid from less than 0.2 to 2 y per mg. of creatinine, 5-hydroxyindole- 
acetic acid from 1 to 3 y per mg. of creatinine, and indoleacetylglutamine 
from 1 to 5 y per mg. of creatinine. The other compounds are usually 
observed in smaller amounts in most samples of urine, but each of the com- 
pounds has been observed in greatly increased amounts in certain speci- 
mens. Many materials which give red, purple, or blue colors when treated 
with PDAB have been observed in the course of this work. The com- 
pounds shown on Fig. 1 are those which have been observed in several 
samples of urine, and which might be expected to be encountered frequently. 


DISCUSSION 


The chromatographic behavior of thirty-eight authentic indole com- 
pounds is described in Table I. These are mainly acids, with the exception 
of a few derivatives which might be expected to occur as products formed 
in the course of chromatography, and one compound, the oxime of indole- 
pyruvic acid, which might be useful as a derivative of the unstable parent 
compound. Data for twelve of these substances have not been recorded 
previously. The chromatographic characteristics of the indole acids which 
were detected frequently in human urine in the course of screening more 
than 1000 specimens of normal and pathological samples are described 
(Table II and Fig. 1). The indole nature of these substances is presumed 
from the fact that they yield blue, purple, or red colors when treated with 
a developing spray of acidic p-dimethylaminobenzaldehyde; the extraction 
procedure used to prepare the acids for chromatography should eliminate 
most of the non-indole compounds known to respond to this reagent. Of 
the thirty-eight substances described, ten have been accorded a tentative 
identification in view of correspondence of the chromatographic properties 
of the urinary compound with authentic material. Six of these indole acids 
have not been reported previously to occur in urine. In each case, an 
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aliquot of an extract which contained a barely detectable amount of a 
specific compound was subjected to chromatography after the addition of 
a small amount of authentic compound in order to assure identity of their 
Ry values. This procedure is necessary because the Ry value of some 
compounds in the urine extracts might differ appreciably from that ob- 
served with the pure substances. This behavior was noted particularly 
in some extracts containing indoleacetamide, in which the actual amount 
of the same extract used exerted a marked influence upon the relative Rr 
value of the compound. 

Despite the precautions taken to minimize decomposition of indole com- 
pounds during the extraction procedure, such decomposition most certainly 
occurs. This is indicated by the appearance of purple or red solutions, 
particularly upon acidification of the bicarbonate extracts. After acidi- 
fication of these extracts and preparation of the final ethyl acetate extracts, 
the spent aqueous phase frequently is colored, and almost always will give 
a positive urorosein test, either pink or purple in color. Also, the appear- 
ance of material which runs to the front in both solvent systems and gives 
a blue or green color with the PDAB is frequent; the material responsible 
for this reaction undoubtedly is formed by decomposition of unstable sub- 
stances during the extractions, during storage of the extracts, or in the 
course of chromatography with the ammoniacal solvent system. 

It has been difficult to assign any significance to the appearance of any 
of the unusual indole acids. In urine from patients with phenylketonuria, 
indolelactic acid is always present in greatly increased amounts, and indole- 
acetic acid is usually present in increased amounts. Also, Compounds 
14 and 15 usually are apparent in specimens from phenylketonuric inmates 
of institutions, but not from patients living at home. Compound 14 may 
be the indole substance which has been reported by other workers (28, 29) 
to be present consistently in phenylketonuric urine. Urine specimens from 
three patients with carcinoid tumors have been studied in the course of 
this work. In confirmation of the reports from many laboratories, 5-hy- 
droxyindoleacetic acid was found to be present in greatly increased 
amounts. It has not been possible to examine urine from a patient with 
Hartnup disease, but the excretion of large amounts of indoleacetic acid 
and indoleacetylglutamine in this condition seems well documented (6). 
The excretion of an increased amount of indoleacetylglutamine after the 
ingestion of indoleacetic acid by humans has been confirmed in this labora- 
tory. In addition, a greatly increased excretion of Compound 7 and a 
slightly increased excretion of indoleacetylglutamic acid were observed.” 
The results of the screening of many urines have shown quite clearly, how- 
ever, that there is not a direct relationship between the amount of indoleace- 


2 Singer, H., and Armstrong, M. D., unpublished observations. 
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tic acid ingested or produced and the pattern of these four substances in 
the urine. Many specimens of urine have been found to contain large 
amounts of indoleacetic acid but only normal or small amounts of indole- 
acetylglutamine and Compound 7. On the other hand, many samples 
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——* BENZENE-PROPIONIC ACID-H20 (I00: 70:5) 


Fig. 1. Indole acids in human urine. The numbers refer to the compounds listed 
in Table II. Substances which give red colors are cross-hatched; the open areas 
represent compounds which form blue to purple colors with PDAB. 


have been observed which contain much more indoleacetylglutamine than 
usual along with only trace amounts of indoleacetic acid. 

There has been some indication that the excretion of increased amounts 
of indolelactic acid may be characteristic of poor liver function. Urine 
from patients known to suffer from faulty liver function invariably 
has contained an increased amount of this acid. In addition, urine from 
very young infants usually contains a larger amount of indolelactic acid. 
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TaBLeE II 
Indole Acids in Human Urine 


Color with PDAB is listed as follows: color at maximal intensity; rate of color 


development; color after 24 hours (see Table I for the abbreviations). 


marked with an asterisk had not been reported previously to be constituents of hu- 
man urine. 


: 


Compound 
No. 


| 
| 


NOG & bw 





XUM 








Compounds 





Identification of compound or color 
reaction with PDAB, as described above 





5-Hydroxyindoleacetic acid 

Indoleacetic acid 

Indolelactic ‘‘ 

Rose, medium, rose 

Indoleacetylglutamine 

Rose, medium, rose 

P, late, G 

O-R, medium, O-R 

Indoleacetylglutamie acid 

Acetyltryptophan 

P, late, B 

P, late, P 

B-P, late, B-G 

Dk. B, fast, G-B 

Lt. P, fast, G 

P, late, P 

R, fast, R 

Indole-3-carboxylic acid 

Indoleacrylic acid 

Indoleacetamide 

Rose, late, rose 

Dk. B, late, dk. B 

P, late, G 

Rose, after 24 hrs. 

Dk. B, late, dk. B (white, U. V.; P, diazotized sul- 
fanilic acid (21); brown, ammoniacal AgNO; (21)) 

Lt. B, medium, G-B (P, NN) 

B-green, late, B-green 

P, late, G 

Indoleglycolic acid 

P, late, P 

Lt. P, late, lt. P 

R, medium, R 

R, late, R 

P, late, B 

B-P, medium, G 

P, medium, G 

P, late, G 

Dk. B, late, B (blue, U.V.; P, diazotized sulfanilic 
acid; black, ammoniacal AgNO;; P, NN), (mel- 
anoma urine) 








RF 
Ipr-NH; a a 
0.26 0.13 
0.47 0.72 
0.49 0.27 
0.36 0.32 
0.35 0.14 
0.39 0.27 
0.21 0.00 
0.43 0.14 
0.16 0.14 
0.52 0.42 
0.31 0.26 
0.00 0.10 
0.16 0.19 
0.27 0.01 
0.40 0.02 
0.43 0.04 
0.15 0.06 
0.38 0.72 
0.43 0.76 
0.84 0.67 
0.65 0.65 
0.58 0.77 
0.21 0.46 
0.13 0.60 
0.27 0.03 
0.17 0.04 
0.59 0.53 
0.20 0.79 
0.39 0.19 
0.34 0.06 
0.81 0.43 
0.07 0.02 
0.68 0.29 
0.57 0.18 
0.43 0.01 
0.06 0.43 
0.14 0.48 
0.16 0.26 
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The figures in parentheses represent bibliographical references. 
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The most strikingly “abnormal” patterns of indole acid excretion have 
been observed with urine from institutionalized patients. This has been 
true in the case of urine specimens from severely mentally retarded patients 
and also the mentally ill. Compounds 14 and 15 have been observed in the 
urine of a majority of patients in these categories, and in many cases are 
quantitatively by far the most important indole compounds present. The 
possibility of a significant relationship between the excretion of these com- 
pounds and the illness of the patients is rendered tenuous by several facts: 
(1) the administration of broad spectrum antibiotics results in a disappear- 
ance of the substances from urine; (2) the amounts of the compounds ex- 
creted by an individual patient are not consistent but quite variable; (3) 
non-institutionalized patients in the same age groups and equally as ill as 
those in institutions usually do not excrete the compounds, or they are 
present in only trace amounts; and (4) the very high proportion of patients 
with different illnesses who excrete these substances makes it seem improb- 
able that they can be characteristic of a discrete disorder. Further and 
more detailed data on the occurrence of these substances will be presented 
elsewhere. 

A dietary origin seems possible for some of the compounds given a tenta- 
tive identification in this work. The occurrence of indoleacetamide in 
plants has been demonstrated by Good, Andreae, and van Ysselstein (30, 
31). It is not clear how indoleacetamide appears in the acidic fraction of 
the urine extract, since indoleacetamide added to urine is not carried from 
ethyl acetate into the bicarbonate extract. Indole-3-carboxaldehyde and 
carboxylic acid have been reported recently to occur in plants (32); Power 
and Sherwin (33) observed that indole-3-carboxylic acid is excreted essen- 
tially unchanged by the human. Indoleacrylic acid might be expected to 
occur in plants in analogy with the widespread natural occurrence of 
aromatic acrylic acids. Its instability! would probably hinder attempts to 
demonstrate a natural occurrence. Baugess and Berg (34) have reported 
that it is excreted in large part unchanged by the rat or the rabbit after 
oral ingestion. The occurrence of indoleglycolic acid in plants has been 
claimed by Fischer (35). It has also been reported to be a breakdown 
product formed from indolepyruvic acid during chromatography (27). Its 
possible natural occurrence has been discussed recently (36). 


The valuable technical assistance of Kathryn 8. Robinson, Patricia E 
Wall, Eleanor Bethsold, and Lurrine Burgess is gratefully acknowledged. 
We are deeply indebted to Dr. Vernon F. Houston, Director of the Utah 
State Training School, and to Mrs. Betty Fernelius and Mrs. Avis Thayne 
of that institution for their help in providing material from mentally defi- 
cient patients. Dr. J. F. Bosma and Dr. N. L. Low, Department of Pedi- 
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atrics, University of Utah College of Medicine, provided material from 
out-patients. Dr. L. O. Currier, Dr. E. L. Bliss, and Dr. L. D. Clark, 
Department of Psychiatry, University of Utah College of Medicine, ob- 
tained material from psychiatric patients. 


SUMMARY 


The chromatographic behavior of thirty-eight authentic indole com- 
pounds, mostly acids, is described. The chromatographic properties of 
thirty-eight compounds which are presumed to contain an indole nucleus 
and which have been observed in the urine of human subjects are described, 
and ten of these have been accorded a tentative identification. The pos- 
sible significance of the appearance of these substances in urine is discussed 
briefly. 
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EFFECT OF ESTRADIOL ON THE LEVEL OF AMINO ACID- 
ACTIVATING ENZYMES IN THE RAT UTERUS* 
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Previous studies with surviving uterine segments have demonstrated 
that the induction of rapid growth by estradiol is associated with an early 
stimulation of the metabolic pathways involved in 1-carbon metabolism, 
nucleic acid, and protein synthesis (1-6). In the attempt to elucidate the 
early action of the hormone on protein syntheses, a study of the enzymatic 
reaction which leads to the incorporation of amino acids into protein was 
undertaken. The present paper is concerned with the effect of estrogen 
treatment on the amino acid-activating enzymes which have been described 
by Hoagland and others (7-10) and which catalyze the following reaction: 


ATP! + E + AA = E-AMP-AA + PP (1) 


The data presented demonstrate that the activity of a number of amino 
acid-activating enzymes present in the 105,000 X g supernatant fraction 
from whole homogenates of rat uteri increases progressively and inde- 
pendently during the first 24 hours of estrogen treatment in vivo. The 
relationship of these changes to the stimulation of growth processes by 
estradiol is discussed. 


Methods 


Female rats,? weighing approximately 180 gm., were ovariectomized 
through the dorsal approach and maintained on a diet of commercial dog 
chow (Friskies) for at least 4 weeks before experimentation. Unless other- 
wise noted, 12 hours before excision of their uteri the rats were injected 


* This work was supported by a grant from the Alexander and Margaret Stewart 
Trust Fund, grant No. C-1897, from the United States Public Health Service, and an 
Institutional Grant from the American Cancer Society. 

t Postdoctorate Fellow of. the American Cancer Society. 

1The following abbreviations are used: ATP, adenosine triphosphate; AMP, 
adenosine 5’-phosphate; CTP, cytidine triphosphate; UTP, uridine triphosphate; 
GTP, guanosine triphosphate; PP, pyrophosphate; P, orthophosphate; AA, amino 
acid; Tris, tris(hydroxymethyl)aminomethane; Leu, leucine; Try, tryptophan; 
Tyr, tyrosine; Val, valine; Met, methionine; Ileu, isoleucine; Gly, glycine; Z, amino 
acid-activating enzyme or enzymes; DNA, deoxyribonucleic acid; TCA, trichloro- 
acetic acid. 

2 Holtzman Rat Company, Madison, Wisconsin. 
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intravenously with 1.0 ml. of a solution containing 10 y of estradiol-178 
dissolved in a solution consisting of 0.154 m NaCl, 0.04 m NaH.PQ,- 
Na2HPO, buffer at pH 7.4, and 1 per cent ethanol. Control animals re- 
ceived the same solution minus the estradiol. 

After a specified time of estrogen treatment, the rats were killed by 
decapitation, and the uteri were removed and placed in ice-cold 0.05 m KCl. 
All operations from the time of the excision of the tissue until the time of 
incubation were carried out at 0-4°. Customarily ten to twelve uteri were 
removed from the KCl solution, placed on a microscope slide, and minced 
with a pair of scissors. The mince was placed in a McShan-Erway conical 
glass homogenizer* and 2 ml. of 0.05 m KCl were added. The mince was 
then partially homogenized and an additional 2 ml. of KCl solution were 
added, after which the homogenization was completed. The homogenate 
was then diluted with 0.05 m KCl to yield a 10 per cent homogenate, and a 
representative sample was taken for DNA analysis. Sedimentation of the 
remainder of the homogenate was carried out for 50 minutes at 105,000 x 
g in the Spinco (model L) preparative centrifuge. In certain experiments 
the individual homogenates were derived from groups of three uteri which 
did not give sufficient homogenate to fill the centrifuge tube. In these 
cases the homogenate was cautiously layered over a 50 per cent sucrose 
solution and centrifuged as usual. In all cases the clear supernatant frac- 
tion above the pellet or the meniscus (7.e. sucrose-layering experiments) 
was used for the enzyme studies. 

Unless otherwise noted, 0.5 ml. of the 105,000 X g supernatant fraction 
was incubated with 5 umoles of ATP, 1 umole of PP, 5 umoles of each 
amino acid (L forms), 2 umoles of MgCls, and 50 wmoles of Tris buffer at 
pH 7.6 for 15 minutes at 37° under an atmosphere of air. The volumes of 
all. incubation mixtures were constant in any one experiment (1.1 or 1.2 
ml. total). 

The reaction was terminated by the addition of 2 ml. of 5 per cent TCA 
and the precipitated protein was centrifuged. A 2.0 ml. aliquot of each 
clear supernatant was added to a mixture of 2.0 ml. of 0.2 m sodium acetate 
and 2.0 ml. of a solution containing 0.125 m Na,yP2O; and 0.125 m KH2PQ,, 
adjusted to pH 4.5 with HCl. 100 mg. of charcoal (Nuchar C) were then 
added and suspended thoroughly in the mixture. After approximately 
30 minutes, the charcoal was sedimented and washed four times with 0.05 
M sodium acetate (pH 4.5), followed by one wash with distilled water. 
After the final wash was decanted, the sedimented charcoal was drained as 
dry as possible and resuspended in 4.0 ml. of 1 n HCl. Hydrolysis of the 
terminal phosphates of ATP was then carried out by heating the HCl- 
charcoal suspension in a boiling water bath for 15 minutes. After cooling, 
the charcoal was sedimented and the clear supernatant fluid assayed for 


3 Erway Glass Company, Oregon, Wisconsin. 
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phosphorus content and for radioactivity by use of a dip counter. The 
counting time for all samples was sufficient to obtain 5 per cent statistical 
accuracy. All calculations are corrected for radioactive decay and counting 
efficiency. The same procedure was used when either GTP or UTP re- 
placed ATP in the reaction system. 

In experiments which involve comparisons between control and estro- 
gen-treated animals, the data are reported as counts per minute per micro- 
mole of ATP per mg. of DNA present in the original whole homogenate. 
The data presented in this manner represent the activity of the enzyme 
preparations obtained from an equal number of uterine cells (since DNA 
is proportional to the cell number) and permit an evaluation of enzymatic 
changes per average cell during the mobilization of growth processes. In 
the first 24 hours of the hormonal response (hypertrophy phase), the DNA 
contents of control and estrogen-treated uteri were always within 10 per 
cent of each other (4, 11). In experiments in which no comparisons are 
made between different enzyme preparations, the results are reported sim- 
ply as counts per minute per micromole of ATP. In the calculations, it is 
assumed that 2 moles of orthophosphate present in the charcoal-ATP hy- 
drolysate represent 1 ymole of ATP. 

P®-Orthophosphate was purchased from the Oak Ridge National Labo- 
ratories on allocation from the United States Atomic Energy Commission, 
and P®-P® prepared from it by pyrolysis at 400° for 1 hour. It was es- 
sential to free the P®-pyrophosphate from any unchanged orthophosphate 
and especially from higher polyphosphates which are formed during pyrol- 
ysis, since such polyphosphates adsorbed on the charcoal and contributed 
a high background of P® activity. Purification of the P*-P® was carried 
out by the paper chromatographic method of Crowther (12), a mixture of 
tert-butanol-90 per cent formic acid-H,O in the ratio of 80:5:20, respec- 
tively, being used as the solvent system. The position of the P®-P® was 
determined by exposing the chromatogram to x-ray film as described by 
Lowenstein (13). 

ATP, GTP, and UTP were obtained from the Pabst Laboratories. 
Glutathione, glycine, and all the L-amino acids were obtained from the 
California Foundation for Biochemical Research. The pD isomers of leucine, 
tryptophan, and valine were kindly supplied to us by Dr. R. McGilvery. 

DNA was determined by the method of Bonting and Jones (14), ortho- 
phosphate by the method of Fiske and Subbarow (15), and protein by the 
procedure of Lowry et al. (16). 


Results 


Effect of Estradiol on Rate of Amino Acid-Dependent PP®-ATP Ex- 
change Reaction—The administration of 10 y of estradiol to ovariectomized 
rats 12 hours before preparation of 105,000 X g supernatant fractions from 
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Fig. 1. Time-curve for PP®-ATP exchange. 0.5 ml. of enzyme was incubated 
with 5 wmoles of ATP, 1 umole of PP* (75,267 ¢.p.m. per umole), 2 umoles of MgCls, 
50 umoles of Tris buffer (pH 7.6), and 5 umoles each of glycine, tyrosine, methionine, 
valine, leucine, and isoleucine in a final volume of 1.1 ml. Incubation was as under 
‘‘Methods”’ for the times indicated. The homogenate from the control uteri con- 
tained 624 y of DNA per ml. and that from estrogen-treated uteri contained 594 y of 
DNA per ml. The soluble enzyme preparation from control uteri contained 2.29 
mg. of protein per ml. and that from estrogen-treated uteri contained 4.02 mg. of 
protein per ml. Circle with black dot, enzyme from estrogen-treated uteri without 
amino acids; open circle, enzyme from estrogen-treated uteri with amino acids; 
double circle, enzyme from control uteri without amino acids; solid circle, enzyme 
from control uteri with amino acids. 


TABLE I 
Proportionality between Enzyme Concentration and Rate of PP-ATP Exchange 
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Each incubation mixture contained 5 wmoles of ATP, 1 umole of PP*® (75,267 
c.p.m. per umole), 2 umoles of MgCl2, 50 umoles of Tris buffer (pH 7.6), 5 umoles each 
of glycine, tyrosine, methionine, valine, leucine, and isoleucine, together with the 
indicated amounts of enzyme in a final volume of 1.1 ml. Incubation was as under 
‘‘Methods”’ for 15 minutes. The homogenate from the control uteri contained 624 y 
of DNA per ml. and that from estrogen-treated uteri contained 594 y of DNA per 
ml. The enzyme preparation from control uteri contained 2.29 mg. of protein per 
ml. and that from estrogen-treated uteri contained 4.02 mg. of protein per ml. 
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their uteri increased the rate of the amino acid-dependent PP-ATP ex- 
change in these preparations by approximately 100 per cent (Fig. 1). The 
PP-ATP exchange reaction was linear with time during the first 15 minutes 
of incubation. The rate was proportional to enzyme concentration (Table 
I) for both the control and estrogen-treated uterine preparations. 
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Fig. 2. The activity of the PP®-ATP exchange system in enzyme preparations 
from uteri excised from ovariectomized rats at various times after intravenous in- 
jection of 10 y of estradiol-178. 0.5 ml. of enzyme was incubated with 5 ymoles of 
ATP, 1 umole of PP*® (172,400 c.p.m. per pmole), 2 umoles of MgClo, 50 umoles of Tris 
buffer (pH 7.6), and 5 umoles each of leucine, tryptophan, methionine, and valine 
in a final volume of 1.1 ml. Incubation was as under ‘‘Methods”’ for 15 minutes. 

Fig. 3. Concentration of protein in the 105,000 X g supernatant fraction obtained 
from homogenates of uteri excised from ovariectomized rats at various times after 
estrogen injection in vivo. The values are expressed as mg. of soluble protein per 
mg. of DNA in the original homogenate. 


The activity of the enzymes tested with a mixture of methionine, tryp- 
tophan, leucine, and valine increased progressively with time of estrogen 
treatment throughout a 24 hour period (Fig. 2). This increase was most 
rapid during the first 6 hours but also continued during the next 18 hours. 
As a result of the hormone treatment, the protein content of the uterine 
105,000 X g supernatant fractions rises sharply to a peak at 6 hours and 
then falls gradually (Fig. 3). This observation is in agreement with the 
work of Kalman (17), who reported a striking uptake of serum albumin by 
the uteri of estrogen-treated rats at early time periods. This serum albu- 
min would be expected to be found in the soluble cell fractions used in 
these experiments. 
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Activity of Various Amino Acids in Pyrophosphate-ATP Exchange Sys- 
tem—Leucine, tryptophan, cysteine, valine, methionine, tyrosine, isoleu- 
cine, and glycine were active in the exchange system (Fig. 4), whereas the 
other amino acids tested (alanine, serine, threonine, cystine, aspartic acid, 
asparagine, glutamic acid, glutamine, lysine, arginine, histidine, phenyl- 
alanine, proline, and hydroxyproline) were inactive. For each of the active 
amino acids the estrogen pretreatment increased the amount of amino 
acid-dependent exchange; however, the magnitude of the effect varied for 
the individual amino acids. 
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Fia. 4. Effect of estrogen treatment in vivo on the activity of individual amino 
acids in the PP#-ATP exchange system. 0.5 ml. of enzyme was incubated with 5 
umoles of ATP, 1 umole of PP* (19,100 c.p.m. per umole), 2 umoles of MgCle, 50 umoles 
of Tris buffer (pH 7.6), and 5 umoles of the indicated amino acid in a final volume of 
1.1 ml. Incubation was as under ‘‘Methods” for 15 minutes. The homogenate from 
the control uteri contained 939 y of DNA per ml. and that from estrogen-treated 
uteri contained 859 y of DNA per ml. The enzyme preparation from control uteri 
contained 3.32 mg. of protein per ml. and that from estrogen-treated uteri contained 
5.9 mg. of protein per ml. Data are expressed per mg. of DNA in original homoge- 
nates. 


In attempts to exclude the participation of endogenous amino acids 
which might be present in the enzyme preparations, aliquots of the super- 
natant fraction were subjected to dialysis against 0.05 m KCl at 0°. Upon 
dialysis, the PP-ATP exchange in the absence of added amino acids dropped 
to about one-fifth of the control level. The activity with the addition of 
individual amino acids was decreased to approximately one-half of the 
control value with all of the active amino acids except glycine, which was 
no longer active. The spectrum of the amino acids which were active, 
however, remained the same otherwise. Since preliminary experiments 
had demonstrated that certain reducing agents (‘l'able II) increased the 
base-line exchange in the absence of added amino acids, and that at 
least one enzyme, the tryptophan-activating enzyme (9), was dependent 
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TaBLe II 
Effect of Reducing Agents on Base-Line Exchange Rate of PP-ATP 








Reducing agent | ATP 
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c.p.m. per mole 
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0.4 ml. of enzyme was incubated with 5 wmoles of ATP, 1 ymole of PP* (125,866 
¢.p.m. per umole), 2 umoles of MgCl2, and 50 umoles of Tris buffer (pH 7.6), together 
with the indicated reducing agents in a final volume of 1.2 ml. No exogenous amino 
acids were added. Incubation was as under ‘‘Methods”’ for 15 minutes. The en- 
zyme preparation contained 6.26 mg. of protein per ml. 





TaB.e III 
Effect of Dialysis on Glycine-Catalyzed PP-ATP Exchange Reaction 
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0.4 ml. of enzyme was incubated with 5 wmoles of ATP, 1 umole of PP*® (106,200 
¢.p.m. per ymole), 2 umoles of MgCl», 50 umoles of Tris buffer (pH 7.6), and, as indi- 
cated, 5 umoles of glycine or 5 umoles of cysteine hydrochloride in a final volume of 
1.1ml. Incubation was as under ‘‘Methods”’ for 15 minutes. Dialysis was carried 
out for 20 hours at 0-4° against either 0.05 m KCl or 0.05 m KCl plus 0.05 m cysteine 
hydrochloride adjusted to pH 7.6. The undialyzed enzyme preparation and the 
preparation dialyzed against KCl plus cysteine contained 6.6 mg. of protein per ml.; 
the enzyme preparation dialyzed against KCl] only contained 6.1 mg. of protein per 
ml. 


on the presence of sulfhydryl groups for activity, attempts were made 
to protect against and to restore the loss of activity upon dialysis. 
Although it was found that the exchange due to glycine could be re- 
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stored or maintained during dialysis by cysteine (Table III), no effect 
was observed with other amino acids. Glycine and cysteine have not been 
reported previously to be active in the exchange reaction. 

Specificities of Enzymes Involved in Exchange Reaction—The estrogen ef- 
fects on the exchange obtained with individual amino acids in Table IV 
suggested that each amino acid was activated by a separate enzyme. In 
order to test this proposition further, various mixtures of amino acids were 
tested in the exchange system and the results compared with the expected 
values predicted from adding the exchange activities of the individual 
amino acids (Table IV). As can be seen, the agreement between the ob- 


TABLE IV 
Additivity of Individual Amino Acid Activities in PP-ATP Exchange Reaction 


The values are given in counts per minute per micromole of ATP. 
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0.5 ml. of enzyme was incubated with 5 umoles of ATP, 1 umole of PP* (19,100 
c.p.m. per umole), 2 umoles of MgCl, 5 umoles of Tris buffer (pH 7.6), and 5 umoles 
each of the indicated amino acids in a final volume of 1.1 ml. Incubation was as 
under ‘‘Methods”’ for 15 minutes. The enzyme preparation contained 3.32 mg. of 
protein per ml. 





served and expected values is reasonably good, and it is therefore concluded 
that separate enzymes are involved in the activation of the individual 
amino acids. Essentially no competitive interaction among the amino 
acids was observed. 

Only the t forms of the amino acids were active (Table V). In addi- 
tion, P®-orthophosphate was completely inactive in the exchange re- 
action. Substitution of either GTP or UTP for ATP yielded an inactive 
system. This finding is in agreement with other studies on amino acid 
activation systems from bacteria (8) and from rat liver (7). 

Alteration of Amino Acid-Activating Enzyme Activities in Surviving 
Uterine Segments—Recent studies in this laboratory have shown that the 
initial estrogen response can be simulated to a major extent by incubation 








¢.p.1 
50 ul 
volu 


zym 


syst 
(41 
5 un 
glye 
445 - 
trea 
¥ of 
prot 
trea 
0.70 





fect 
een 


1 ef- 
2 IV 

In 
were 
cted 
dual 
» ob- 


9,100 
moles 
‘as as 
ig. of 


uded 
idual 
mino 


addi- 
e re- 
ctive 

acid 


nving 
t the 
ation 





D. J. MCCORQUODALE AND G. C. MUELLER 39 


TaBLe V 
Substrate Specificity for PP-ATP Exchange Reaction 


: sib 


———|-— 





Amino acid added ATP 


c.p.m. per pmole 


E + Pp | None | 820 
‘a = L-Leucine 1704 
oF | p-Leucine 726 
— L-Tryptophan 1322 
aes. ne p-Tryptophan 666 
oe ie | L-Valine | 969 
a | p-Valine | 790 
“« + ps None | 8 
nal ie L-Leucine | 11 


0.5 ml. of enzyme was incubated with 5 umoles of ATP, 1 umole of PP* (41,200 
¢.p.m. per ymole) or 2 wmoles of P® (13,300 c.p.m. per wmole), 2 umoles of MgCle, 
50 uzmoles of Tris buffer (pH 7.6), and 5 zmoles of the amino acid indicated in a final 
volume of 1.1 ml. Incubation was as under ‘‘Methods”’ for 15 minutes. The en- 
zyme preparation contained 3.98 mg. of protein per ml. 
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Fig. 5. Effect of incubation of uteri in vitro on activity of PP*-ATP exchange 
system. 0.5 ml. of enzyme was incubated with 5 wmoles of ATP, 1 umole of PP® 
(41,200 c.p.m. per umole), 2 wmoles of MgClz, 50 wmoles of Tris buffer (pH 7.6), and 
5 umoles each of leucine, tryptophan, tyrosine, valine, methionine, isoleucine, and 
glycine in a final volume of 1.1 ml. The homogenate from control uteri contained 
445 y of DNA per ml., from incubated uteri 470 y of DNA per ml., from estrogen- 
treated uteri 508 y of DNA per ml., and from incubated estrogen-treated uteri 480 
yof DNA per ml. The enzyme preparation from control uteri contained 1.47 mg. of 
protein per ml., from incubated uteri 0.90 mg. of protein per ml., from estrogen- 
treated uteri 2.27 mg. of protein per ml., and from incubated estrogen-treated uteri 
0.70 mg. of protein per ml. Incubation was as under ‘‘Methods”’ for 15 minutes. 
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of the excised uteri from control animals in tissue culture medium (18). 
Thus the glycine incorporation into surviving uterine segments which had 
been incubated for 18 hours in Eagle’s medium (19) at 37° under an at- 
mosphere of 5 per cent CO2-95 per cent O2 was increased by about 200 
per cent. It was therefore of great interest to determine whether the 
amino acid-activating enzymes were also increased by such incubation. 
Fig. 5 shows that the incubation of control uteri in Eagle’s medium for 
18 hours before the preparation of the soluble enzymes from the surviving 
uterine segments increased the activities of the enzymes catalyzing the 
PP-ATP exchange reaction by about 45 per cent. When the same in- 
cubation was conducted with uteri from animals pretreated 18 hours with 
estradiol, the incubation in vitro did not increase the activity of the amino 
acid-activating enzymes above that of the 18 hour estrogen-treated uteri. 


Thus it appears that the incubation of control uteri in vitro accomplished 


in part the same type of activation that the estrogen effected in vivo. 
Since a mixture of seven amino acids was used as substrate for these 
experiments, it, however, remains possible that the response for any single 
amino acid might have been considerably higher than the average. 


DISCUSSION 

The role of the hormone in inducing these early stimulations of protein 
metabolism in the rat uterus is partially answered by the present data. 
The results show that the increased incorporation of amino acids into 
proteins can be accounted for in part by an increase in the amount of 
certain amino acid-activating enzymes which are necessary for the first 
step in the synthesis of new protein. 

The mechanism by which the hormone induces the increase in the 
amount of enzyme now appears to be the primary problem. Three 
possibilities are immediately apparent, stimulation of de novo synthesis, 
activation of preexisting enzyme, or conversion of a particulate enzyme 
to a soluble form. 

The response in Fig. 2 could be interpreted as combined activation 
and de novo synthesis during the first 6 hours (the period of rapid response), 
followed by largely de novo synthesis during the ensuing period. Sup- 
porting evidence for this view has been obtained in other experiments 
which have demonstrated that a portion of the activation in vitro on 
incubation of the uterine segments in Eagle’s medium is amino acid- 
dependent (18). Such a sequence would be compatible with current 
concepts of enzyme-template relationships in which the enzymes attached 
to the template upon which they are formed become active upon dis- 
24..ation, exposing a free template surface for new synthesis (20-23). 

The presence of the amino acid-dependent PP-ATP exchange reaction 
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has been reported in bacteria (8), yeast (10), and in various tissues of 
the rat, chicken, guinea pig, rabbit, sheep, and ox (7, 24). The wide- 
spread occurrence of this system and its close association with the mobi- 
lization of latent growth processes in the rat uterus in response to estrogen 
treatment indicate a fundamental importance. It should be emphasized, 
however, that the eight amino acids reported to be active here are not 
exactly the same as those reported by DeMoss and Novelli (8). These 
workers include histidine and phenylalanine in their list of active amino 
acids but do not include glycine or cysteine. Furthermore, Cole et al. 
(24) have reported that serine and threonine will form their corresponding 
hydroxamic acids in extracts of pancreas. Thus, it appears that the 
spectrum of amino acids which are active in the PP-ATP exchange system 
is dependent upon the source of the enzyme system. It should also be 
kept in mind that the procedure measures only the amino acid-activating 
enzymes which are present in the supernatant fraction from the 0.5 m 
KCl homogenate and that the extractability of the activating enzymes 
from cell particulates may vary. In addition, a differential inactivation 
of certain enzymes cannot be excluded. 


The authors wish to express their appreciation to Mrs. Elba Iris Porrata 
Valdivia for valuable assistance in carrying out these experiments. 


SUMMARY 


1. The soluble protein fraction from rat uterine homogenates contains 
seven amino acid-activating enzymes which catalyze amino acid-de- 
pendent exchanges between pyrophosphate and adenosine triphosphate. 

2. In response to a single administration of estradiol, the activity of 
these enzymes increases rapidly over the ensuing 24 hour period. The 
individual enzymes respond independently. 

3. Studies on the specificity and stability of the enzymes are presented. 

4, The role of the hormone in reactions of protein synthesis is discussed. 
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COMPETITIVE INHIBITION OF A STREPOGENIN-ACTIVE 
PEPTIDE BY RELATED PEPTIDES* 


By R. B. MERRIFIELD 
(From The Rockefeller Institute for Medical Research, New York 21, New York) 


(Received for publication, November 4, 1957) 


The competitive inhibition of a biologically active peptide by other pep- 
tides may be expected to occur commonly in living systems, although it 
has been reported in only a few instances. Woolley (1) observed this phe- 
nomenon in his studies on lycomarasmin and strepogenin. The biological 
effect of serylglycylaspartic acid in the lycomarasmin test was antagonized 
by the structurally related peptide serylglycylglutamic acid, and the strep- 
ogenin activity of the latter was inhibited by the former peptide. More 
recently Dunn et al. (2, 3) have examined the interrelations between thi- 
enylalanine and certain peptides containing this inhibitory amino acid ana- 
logue and phenylalanine and its peptides on the growth of Escherichia coli. 
Other examples are the pteroylaspartic acid-pteroylglutamic acid (4) and 
polylysine-polyaspartic acid (5) antagonisms and the glutathione-cysti- 
nyldiglycine inhibition (6). However, except for the strepogenin and 
lycomarasmin studies, there has been no example of a competitive relation 
between pure peptides of known structure, each of which contains only the 
naturally occurring amino acids of proteins. 

In the work to be reported here, the metabolite was L-seryl-L-histidyl- 
L-leucy]-L-valyl--glutamic acid (SHLVG) which has been shown to possess 
growth-promoting activity toward Lactobacillus casei (7, 8). The first 
antimetabolite to be studied was threonylthreonylasparaginylglutaminy]l- 
alanyllysine (TTAGAL).! The inhibitor was isolated from hydrolysates 
of ribonuclease and contains a naturally occurring sequence from that pro- 
tein. The growth factor has been isolated from partial hydrolysates of 
insulin and thus contains an amino acid sequence found in that protein. 

One possible structural explanation for the inhibitory effect appeared to 
be an antagonism between peptide-serine and peptide-threonine. To test 
this idea, an analogue of SHLVG was required in which L-serine was re- 
placed by t-threonine. Accordingly, u-threonyl-t-histidyl-t-leucyl-t-valyl- 

* This investigation was supported in part by Grant A1260 from the National 


Institute of Arthritis and Metabolic Diseases of the United States Public Health 
Service. 


1 This peptide was isolated in chromatographically pure condition from a trypsin 
digest of ribonuclease by Hirs et al. (9) who have also determined its structure by 
degradative procedures. Dr. Hirs has generously given us samples of the peptide 
and information concerning its structure prior to the publication of this work (10). 
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L-glutamic acid (THLVG) was synthesized. It also was inhibitory to L, | 


caset and was competitively antagonized by SHLVG. 


The principal purpose of this paper is to present examples of competi-| 
tive inhibition between peptides. However, certain useful information | 


concerning the peptide requirement of L. caset has been obtained, and a 
plausible scheme relating free serine and peptide-serine has been deduced. 
The possibility that interrelations between proteins or peptides such as 
these may have important regulatory roles in vivo is proposed. 


EXPERIMENTAL 


Assay—L. casei was the test organism. The culture conditions were as 
described previously (11) for the strepogenin assay. The basal media were 
supplemented with SHLVG or L-serine along with graded amounts of the 


inhibitory peptides. All solutions added to the assay tubes were adjusted | 


to pH 6.8. Two basal media were employed. Medium A was the casein 
hydrolysate formula used earlier (11). Because the concentration of 
serine proved to be crucial, a serine-free mixture (Medium B) was prepared 
which was the same as Medium A, except that pure amino acids in the 
same proportions as those found by chromatographic analysis (12) of the 
casein hydrolysate replaced this hydrolysate. The .L-serine content of 
Medium A by chromatographic analysis was 130 y per ml. (final concen- 
tration). 


Compounds? 


Carbobenzoxy-L-threonine—Carbobenzoxy-t-threonine was prepared in 


71 per cent yield from L-threonine and carbobenzoxy chloride in the pres- 
ence of magnesium oxide; m.p. 100-101°. The product was recrystallized 
twice, as short needles from ethyl acetate; m.p. 103-104°; [a]?® —5.5° 
(4.0 per cent in acetic acid). 


Cy2Hi;05N (253.2). Calculated. C 56.9, H 6.0, N 5.5 
Found. “Re; 62," 62 


Carbobenzoxy-t-threonyl-t-histidine Methyl Ester—A cold solution of 
7.56 gm. (0.03 mole) of carbobenzoxy-t-threonine in 60 ml. of methylene 
chloride was added to a cold solution of 7.78 gm. (0.03 mole) of t-histidine 
methyl ester dihydrochloride and 6.95 ml. of triethylamine in 50 ml. of 
methylene chloride. Immediately a solution of 6.46 gm. of dicyclohexyl- 
carbodiimide in 5 ml. of methylene chloride was added. After 3 hours at 
room temperature, 0.2 ml. of acetic acid was added, and the reaction mix- 
ture was allowed to stand overnight. The dicyclohexylurea was filtered, 


2 All melting points were determined in capillaries and are uncorrected. The ele- 
mentary analyses were by Mr. T. Bella. 
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and the solution was washed with bicarbonate and water and dried. The 
solvent was evaporated, and the residue was crystallized from 25 ml. of 
ethyl acetate; yield 11.5 gm. (95 per cent). The product was recrystal- 
lized first from ethanol and finally from ethyl acetate; m.p. 120-121°; 
[a] —16° (4.3 per cent in acetic acid). 


CisHosOeN, (404.4). Calculated. C 56.4, H 6.0, N 13.9 
Found. “a, Oa tee 


In accordance with the observations of Sheehan et al. (13) on this general 
method the use of methylene chloride as solvent avoided the formation of 
the by-product N-(carbobenzoxy-t-threonyl)-N , N’-dicyclohexylurea. 

Carbobenzoxy-L-threonyl-L-histidine Hydrazide—Carbobenzoxy -L-thre- 
onyl--histidine methyl ester was converted to the hydrazide by refluxing 
a 5 per cent solution in ethanol with 2 equivalents of hydrazine hydrate for 
l1hour. The hydrazine was removed by evaporation under reduced pres- 
sure. The product was recrystallized twice from ethanol and finally from 
water as beads of microneedles; m.p. 179-180°; [a]? —13° (2.0 per cent in 
ethanol). 


CisHayN¢Os (404.4). Calculated, N 20.8; found, N 20.6 


Carbobenzoxy-L-threonyl-L-histidyl-xt-leucyl-x-valyl-L-glutamic Acid Diethyl 
Ester—Because of the presence of the unprotected imidazole ring of histi- 
dine, this condensation was performed under the special conditions previ- 
ously described (8). A solution of 0.808 gm. (0.002 mole) of carbobenzoxy- 
i-threony]-t-histidine hydrazide in 10 ml. of nN HCl was cooled in an 
ice-salt bath, and 2 ml. of water containing 175 mg. of sodium nitrite were 
added dropwise. After 10 minutes, 0.905 gm. of L-leucyl-L-valyl-.-glu- 
tamic acid diethyl ester hydrochloride (8) and 50 ml. of cold ethyl acetate 
were added. An ice-cold solution of 3.66 gm. of K2CO; in 5 ml. of water 
was added, and the mixture was shaken and separated quickly. The 
aqueous phase was extracted twice with ethyl acetate. Anhydrous mag- 
nesium sulfate was added to the combined extracts, and the mixture was 
held at 25° for 24 hours. The solution was filtered and evaporated; yield 
1.13 gm. (72 per cent). The product was recrystallized from 50 per cent 
methanol and finally from 50 per cent ethanol; yield 330 mg.; m.p. 222- 
224°; [a]?® —51° (1.9 per cent in ethanol). 


C2sH 5;01,N7 (787.9). Calculated. C 57.9, H 7.3, N 12.4 
Found. a te oe 


Paper electrophoresis in 0.1 m pyridine acetate, pH 5.0, showed only a 
single Pauly-positive spot with a mobility of 0.29 relative to histidine. 
There was no ninhydrin-reactive spot. 
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L-Threonyl-u-histidyl-t-leucyl-L-valyl-t-glutamic Acid—The protecting | gmount 
groups of the above pentapeptide were removed with concentrated hydro- | jncrease 
chloric acid by the method previously described for the corresponding | Comp 
serine peptide (8). A 100 mg. sample was dissolved in 10 ml. of 12 N | mary of 
hydrochloric acid and held at 37° for 1 hour. The solution was evaporated onylthre 
to dryness in vacuo. The residue was dried over KOH and then dissolved | js given 
in 2 ml. of HO. The solution was adjusted to pH 5 with dimethylamine | petweer 
and filtered. Electrophoresis of this solution revealed about 5 per cent  jndex a 
each of the mono- and diesters in addition to the desired free peptide. tion. 1 
Addition of 10 ml. of ethanol and cooling gave a precipitate which was 
centrifuged, washed twice with 25 ml. of ethanol and ether, and dried; yield 
27 mg. of a white powder. After drying at 78° for 4 hours, the compound 
was analyzed for the monohydrate. 


C2eHysN705-H20 (615.7). Calculated. C 50.7, H 7.4, N 15.9 
Found. “a. 44, tom 


Paper electrophoresis in 0.1 M pyridine acetate, pH 5.0, revealed a single 
spot when tested with the ninhydrin and Pauly reagents (mobility relative 
to histidine 0.26). None of the mono- or diesters or acylated peptide could 
be detected. 
Two-dimensional paper chromatography (sec-butanol-ammonia and sec- 
butanol-formic acid (14)) of a total acid hydrolysate showed clearly the five 
amino acids, threonine, histidine, leucine, valine, and glutamic acid, in ap- 
proximately equimolar amounts and did not detect any other ninhydrin- 
positive material. 
L-Seryl-t-histidyl--leucyl-t-valyl-t-glutamic Acid—This was the syn- 
thetic peptide previously described (8). 
Threonylthreonylasparaginylglutaminylalanyllysine—This was a_ lyo- Fic. 
philized preparation obtained from Dr. C. H. W. Hirs of The Rockefeller es 
Institute for Medical Research.! The 


Results Table 


Comparison of Serine and SHLVG on Growth Rate of L. casei—The . 
strepogenin requirement of L. casei can be met by small levels of L-seryl- B) the 
L-histidy]-L-leucyl-L-valyl-L-glutamic acid or by much larger amounts of tive ( 
L-serine. The need for large amounts of serine confirms the earlier findings TTAG 
of Rickes et al. (15). Growth curves showing the relative activities are Clearl 
given in Fig. 1. On Medium B, SHLVG was 50 times more active than ’ 


, : . growtl 
L-serine (compare Curves II and IV). In the presence of 130 y of L-serine ie on 
per ml. (either Medium A or Medium B supplemented with L-serine), the Nes 
molar ratio became 2000:1 (Curves I and III). A synergistic effect be- =—_ 


tween the serine peptide and free serine is therefore apparent because an 


peptid 








ting 
lro- 
ling 
2N 
ited 
ved 
rine 
ent 
ide, 
was 
ield 
und 


igle 
tive 


uld 


sec- 
five 
ap- 
rin- 


yo- 
ller 


The 
ryl- 
of 
ngs 
are 
1an 
ine 
the 
be- 


R. B. MERRIFIELD 47 


amount of serine which had no measurable effect alone caused a 40-fold 
increase in the sensitivity of L. casei to SHLVG. 

Competitive Inhibition of SHLVG by THLVG and TTAGAL—A sum- 
mary of experiments showing the inhibition of growth of L. caset by thre- 
onylthreonylasparaginylglutaminylalanyllysine and its reversal by SHLVG 
is given in Table I. The strictly competitive nature of the antagonism 
between the two peptides is clear. On Medium A the 50 per cent inhibition 
index averaged 0.24 + 0.02 over a 15-fold range of metabolite concentra- 
tion. This low index indicates that the inhibitor was a very effective one. 





40 ~ 
I SHLVG Medium A 
I. SHLVG ” B 

SOF IL Serine » A 
W Serine » B 

60+ 


Growth (%transmission) 

















100, t 2 3 4 5 
Loq concentration (M*10") 


Fig. 1. Growth curves for L. casei on L-serine and L-seryl-t-histidyl-u-leucyl-.- 
valyl-L-glutamic acid. 


The corresponding data with THLVG as the inhibitor are shown in 
Table II. The inhibition index averaged 1.2, and the antagonism was 
again competitive. TTAGAL was therefore about 5 times more effective 
as an inhibitor than THLVG. In the absence of free serine (Medium 
B) the inhibitors were less potent, but the antagonism was still competi- 
tive (data not shown). Under these conditions the inhibition index for 
TTAGAL versus SHLVG was 5 and for THLVG versus SHLVG 12. 
Clearly the presence of L-serine in concentrations insufficient to meet the 
growth factor requirement of the organism exerted a marked influence on 
the activities of these peptides. 

Non-Competitive Reversal of Peptide Inhibition by t-Serine—When serine 
was used in place of SHLVG as the growth factor for the organism, the 
peptides no longer behaved as competitive inhibitors. With suboptimal 
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concentrations of serine, the peptides, TTAGAL and THLVG, still acted! 





as inhibitors but in a non-competitive fashion. When enough serine was) /»hibit 


present to cause full growth alone, the peptides were no longer inhibitory] 
(Tables III and IV). For example, the ratio of TTAGAL to .-serine 
which caused 50 per cent inhibition increased from 0.0008 to 0.0032 between 


TaBLeE I 

Inhibition of L. casei by Threonylthreonylasparaginylglutaminylalanyllysine and Its 
Reversal by L-Seryl-u-histidyl-x-leucyl-L-valyl-t-glutamic Acid in 

Basal Medium A 














| 
SHLVG | TTAGAL a | Inhibition = 
| 
¥ per ml. | ¥ per ml | | per cent 
0 | 0 | 94 | 
0.56 | 0 | 81 
0.56 | 0.10 85 | 30 
0.56 0.15 91 77 0.22 
1.4 | 0 | 73 
1.4 0.20 77 32 
1.4 0.30 | 81 | 50 0.21 
2.8 0 71 
2.8 0.50 74 | 20 
2.8 0.70 80 44 
2.8 1.0 85 | 64 0.28 
5.6 0 70 
5.6 0.50 72 12 | 
5.6 1.0 | 77 34 
5.6 1.5 83 | 58 
5.6 | 2.0 86 | 68 | 0.24 
8.4 0 | 69 
8.4 1.0 | 75 24 
8.4 2.0 78 | 34 
8.4 3.0 | 86 | 68 | 0.27 





* Measured in an Evelyn colorimeter with an uninoculated blank set at 100 per 
cent transmission. 

t The weight ratio of TTAGAL to SHLVG which reduced growth to 50 per cent 
of that attained with the SHLVG alone. 


380 y and 630 y of L-serine per ml., and at 1130 y per ml. it was not pos- 
sible to demonstrate an inhibition at any level of peptide tested. Neither 
TTAGAL nor THLVG had any growth-promoting activity on the basal 
media, but in the presence of high concentrations of L-serine both peptides 
were actually slightly stimulatory. 

Hydrolysis of SHLVG by L. casei—Because of the possibility that the 
activity of SHLVG might be a result of hydrolysis to its constituent 
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SHLVG THLVG ee A | Inhibition ~~ he 
+ per ml. ¥ per ml. per cent 

0 0 98 

0.60 0 88 

0.60 0.24 91 30 

0.60 0.60 93 50 

0.60 1.2 95 70 1.0 

1.2 0 79 

| 0.60 87 42 

1.2 1.2 89 53 

1.2 2.4 94 79 

1.2 6.0 98 100 0.9 

2.4 0 77 

2.4 i.2 79 10 

2.4 2.4 83 29 

2.4 6.0 91 67 

2.4 12.0 98 100 1.8 

TaB.e III 


Relationship between t-Serine and Threonylthreonylasparaginylglutaminylalanyllysine 








sana rracat | Crom (ess so 
¥ ber ml. per ml. 
130 0 94 
130 0.2 95 
130 2.0 97 
380 0 77 
380 0.1 77 
380 0.2 80 
380 0.3 85 
630 0 77 
630 0.5 79 
630 1.0 83 
630 2.0 86 
1130 0 80 
1130 0.5 77 
1130 1.0 76 
1130 4.0 77 
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0.0008 


0.0032 


* This is total serine of which 130 y per ml. were contributed by the basal medium. 
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amino acids in the medium, an experiment was designed to measure this! 
effect. Packed, washed cells of L. casei (5 mg. dry weight) were incubated! 
at 37° with 1 mg. of SHLVG in 0.3 ml. of phosphate buffer, pH 6.5. After) 
1 and 18 hours, aliquots of the supernatant solution were assayed for 
strepogenin activity and also tested by paper chromatography for the| 
liberation of amino acids. The chromatogram showed the peptide to be 
largely unchanged after incubation for 1 hour, but clearly revealed the 
presence of small amounts (corresponding to 10 per cent hydrolysis) of 


TaBLe IV 
Relationship between t-Serine and t-Threonyl-t-histidyl-t-leucyl L-valyl-t-glutamie 
Acid in Growth of L. casei on Basal Medium A 








L-Serine* THLVG a ree. | Inhibition —* 
¥y per ml. ¥ per ml. per cent 
130 0 98 | 
130 1.2 98 | 
130 6 98 
130 60 99 | 
380 0 72 | 
380 0.12 | 78 26 
380 1.2 | 85 | 55 | 0.003 
630 0 | 71 
630 1.2 | 63 
630 | 6.0 | 84 45 | 0.01 
1130 | 0 7 
1130 2.4 | 65 
1130 6 | 67 
1130 24 | 64 | 
1130 | 60 


| 60 | |  >0.05 





* This is total serine of which 130 y per ml. were contributed by the basal me- 
dium. 


serine, histidine, leucine, valine, and glutamic acid. The assay is less 
sensitive and did not detect a significant loss in activity. After 18 hours 
both tests indicated complete hydrolysis. Since the proportion of cells to 
peptide under assay conditions is very much smaller initially than that em- 
ployed here, appreciable hydrolysis would not be expected to occur until 
near the end of the growth period. 


DISCUSSION 


The data of this paper have demonstrated, first, that L. casei has a nu- 
tritional requirement which can be met by high concentrations of L-serine 
or, much more efficiently, by the peptide L-seryl-L-histidyl-t-leucyl-1-valyl- 
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t-glutamic acid and, secondly, that the growth-prc..oting effect of the 
peptide, but not of the amino acid, can be competitively inhibited by 
threonylthreonylasparaginylglutaminylalanyllysine or 1-threonyl-L-his- 
tidyl-L-leucyl-L-valyl-L-glutamic acid. Rickes et al. (15) had already 
shown that large amounts of pL-serine would supply the strepogenin re- 
quirement of this organism. 

In order to understand the effect of TTAGAL the supposition was made 
that the inhibition by this compound was due largely to its content of 
peptide-threonine, and this was then strongly supported by the finding 
that synthetic THLVG was similarly effective. THLVG differs from 
SHLVG only by the substitution of an N-terminal threonine for the N- 
terminal serine residue of the pentapeptide. 

During the past several years it has become clear that in many instances 
certain peptides can be much better utilized for growth by a particular 
microorganism than their constituent free amino acids (1, 6, 16-28). How- 
ever, this cannot be considered a general rule because numerous other 
experiments have indicated that some peptides are used only equally or 
less well than the amino acids (29-31). When this phenomenon of en- 
hanced activity of peptides has been studied in more detail, the proposed 
mechanisms have varied, according to the particular amino acid in ques- 
tion and upon the test organism. These mechanisms have had as their 
bases amino acid destruction (16, 21, 22), amino acid antagonisms (20, 
23, 25-27), or decreased permeability of the free amino acid due to other 
causes (24). Schemes such as that of Kihara and Snell (20) have been put 
forward to aid in the understanding of these findings. In the case of the 
increased activity of serine peptides for Lactobacillus delbrueckii an explana- 
tion was proposed by Prescott et al. (25) in which the passage of free L- 
serine into the cell was inhibited by p- or L-alanine present in the medium, 
whereas the peptides containing serine were thought to be relatively unhin- 
dered in their movement across the bacterial membrane. For L. casei, 
however, a different mechanism must hold, since in the present work pL- 
alanine (0 to 5 mg. per ml.) did not inhibit growth even in the presence of 
low levels of L-serine. 

The metabolic interrelations herein described for L. casei between free 
serine and the peptide-bound serine of SHLVG can be pictured as outlined 
in the scheme shown in Fig. 2. The evidence for this view and for the 
assignment of points at which the inhibitors may be operating was the 
following. 

First, the possibility that SHLVG activity was due to hydrolysis to free 
serine in the external medium was considered and found to be unlikely for 
several reasons. The peptide was 50 times more active than the amino 
acid, and a simple hydrolysis could not be expected to supply enough 
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serine to support growth of the organism. If, however, there were a rapid 
destruction of free serine, then the slow, continuous production of serine 
from the peptide might account for the relatively greater activity of the 


SHLVG. Such a mechanism was proposed by Kihara, Klatt, and Snell | 


(21) for the enhanced activity of tyrosine peptides for Streptococcus faecalis, 
However, it has been found that free serine was not destroyed by resting 
cells of L. caset or by the growing organism. Furthermore, it was also 
demonstrated that SHLVG was hydrolyzed so slowly by heavy suspensions 
of resting cells that only very small amounts of free serine could be ex- 
pected to be produced under the conditions of the assay. Finally, the 
synergistic relation between SHLVG and serine in the medium suggests 
that the peptide is performing a role not shared by small amounts of the free 
amino acid. 


Cell membrane 


a | b 














SHLVG fast) >SHLVG —— serine function I 
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Fig. 2. The interrelation between SHLVG-serine and free serine in L. casei 


If it is assumed that the cell membrane passes the peptide readily but 
acts as a barrier to free serine, then hydrolysis of SHLVG within the cell 
might account for the growth-promoting effect of the peptide. Thus the 
actual requirement for serine within the cell might be very much smaller 
than its concentration in the medium and be supplied readily by the peptide 
through hydrolysis. However, the inhibition studies suggest that this 
may not be the only pathway for the utilization of SHLVG within the cell. 
It seems more reasonable to assume that serine has several functions within 
the cell and that one of them can be fulfilled directly by SHLVG-serine 
while certain others cannot. This idea of separate metabolic pathways for 
amino acids and their peptides has been discussed by others (3, 20, 25). 
Thus, in the presence of suboptimal amounts of serine (Medium A) the 
amino acid may be adequate to supply functions II, III, ete., but inade- 
quate for function I, while small amounts of SHLVG may efficiently per- 
form function I. TTAGAL and THLVG appear to inhibit the peptide 
utilization at this point (Reaction b in Fig. 2) with indexes of 0.24 and 1.2, 
respectively. 
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In the absence of serine the inhibition index for TTAGAL or THLVG 
was increased 10- to 20-fold, and the peptide requirement was increased 
about 40-fold. That is, for 50 per cent inhibition 400 to 800 times as much 
inhibitor was required as in the presence of serine. This indicates that a 
second step was also being blocked, and this could have been the passage 
of peptide into the cell or the cleavage inside the cell of SHLVG to serine 
(Reaction a or c, Fig. 2). The indication that two different reactions of 
SHLVG were blocked by THLVG or TTAGAL is taken as evidence that 
at least one of the steps (the one most susceptible to inhibition) occurs 
inside the cell, 7.e. Reaction b. Data which would help to distinguish be- 
tween Reactions a and ¢ are not now available. 

With sufficient serine the need for the peptide was no longer observed 
(cf. (15)). The high levels of serine must have eliminated the requirement 
by a direct route to function I. That is, it is unlikely that serine was con- 
verted to a serine-peptide (reversal of Reaction c) which in turn was utilized 
by the microorganism in a reaction susceptible to inhibition by TTAGAL 
or THLVG. This possibility appears to be eliminated as a major pathway, 
because serine antagonized the peptide inhibition non-competitively. 

It seems possible that the functions of many biologically active peptides 
and proteins are regulated by interrelations with naturally occurring ana- 
logues in a manner similar to that described here. The strepogenin re- 
quirement of L. casei has provided an example of this type of control 
mechanism but with compounds which are not necessarily naturally oc- 
curring in the test organism. It should be pointed out, however, that the 
amino acid sequences of SHLVG and TTAGAL do occur in nature. 


SUMMARY 


The growth of Lactobacillus caset was inhibited by the peptides thre- 
onylthreonylasparaginylglutaminylalanyllysine and .-threonyl-t-histidyl- 
L-leucyl-L-valyl-L-glutamic acid, and this effect was competitively antago- 
nized by t-seryl-.-histidyl-t-leucyl-L-valyl-L-glutamic acid (SHLVG). 
The inhibition was reversed non-competitively by large amounts of L-serine. 
A scheme relating the utilization of free serine and SHLVG-serine by this 
organism was discussed. The new pentapeptide t-threonyl-t-histidyl- 
L-leucyl-L-valyl-i-glutamic acid was synthesized. 


The author wishes to thank Dr. D. W. Woolley for his interest and 
advice during this work. The technical assistance of Miss Marie Smith is 
gratefully acknowledged. 

Addendum—After the submission of this paper for publication, two examples have 


appeared concerning antagonisms between peptides containing naturally occurring 
amino acids. Ball, Humphreys, and Shive (32) showed that the utilization of glycyl- 
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DL-valine for the adaptive synthesis of malic enzyme in Lactobacillus arabinosus 17-5 
could be competitively inhibited by glycyl-pt-isoleucine. Guttmann, Jaquenoud, 


Boissonas, Konzett, and Berde (33) showed that a synthetic nonapeptide analogue | 


of oxytocin, containing an additional tyrosine residue, could inhibit the action of 
oxytocin in the rat uterus and avian depressor assays. 
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PURIFICATION OF URIDINEDIPHOSPHATE GLUCOSE 
PYROPHOSPHORYLASE FROM MUNG 
BEAN SEEDLINGS 
By V. GINSBURG 


(From the National Institute of Arthritis and Metabolic Diseases, National Institutes 
of Health, United States Public Health Service, Bethesda, Maryland) 


(Received for publication, November 22, 1957) 


Uridinediphosphate glucose pyrophosphorylase which catalyzes the re- 
action 


UDPG! + PP = glucose-1-P + UTP 


| was first discovered in yeast by Kalckar and Cutolo and Munch-Petersen 
' eal. (1,2). It has since been shown to occur in a wide variety of different 
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| organisms. Crude enzyme preparations from plants are able to catalyze, 


in addition to this reaction, the reversible pyrophosphorolysis of UDPGal, 
UDP-xylose, UDP-arabinose, UDP-glucuronic acid, and UDP-galac- 
turonic acid (3-6). Except for UDP-galacturonic acid, which has been 
identified in Pnewmococcus (7), all of these uridine derivatives have been 
shown to be naturally occurring in mung beans (Phaseolus aureus) (8, 9). 
It was not known whether the enzymatic activity in plant extracts towards 
the various sugar nucleotides was due to one unspecific pyrophosphorylase 
or to different enzymes (4). UDPG pyrophosphorylase from yeast (10) 
appears to be specific for UDPG. The present paper describes the puri- 
fication and properties of UDPG pyrophosphorylase from mung beans. 


Materials and Methods 


Chemicals—UTP, UDPG, and TPN were purchased from the Sigma 
Chemical Company and the Pabst Laboratories. The hexose and pentose 
phosphates were kindly supplied by Dr. W. Z. Hassid and Dr. E. W. Put- 
man of the University of California. Glucuronie acid-1-P and galac- 


1The abbreviations used are UDPG, UDPGal, UDP-xylose, UDP-arabinose, 
UDP-glucuronic acid, UDP-galacturonic acid for uridine diphosphate glucose, galac- 
tose, xylose, arabinose, glucuronic acid, and galacturonic acid, respectively; UTP 
for uridine triphosphate; TPN for triphosphopyridine nucleotide; PP for inorganic 
pyrophosphate; glucose-1-P for a-p-glucopyranose 1-phosphate; galactose-1-P for 
a-D-galactopyranose 1-phosphate; glucuronic acid-1-P for a-p-glucuronic acid 1-phos- 
phate; galacturonic acid-1-P for a-p-galacturonic acid 1-phosphate; xylose-1-P for 
a-D-xylopyranose 1-phosphate; a- or B-arabinose-1-P for a- or B-L-arabopyranose 
l-phosphate; Tris for tris(hydroxymethyl)aminomethane; glucose-6-P for p-glucose 
§-phosphate; DEAE-cellulose for N, N-diethylaminoethylcellulose. 


55 








56 UDPG PYROPHOSPHORYLASE 


turonic acid-1-P were synthesized from their respective aldose phosphate 
by catalytic oxidation according to the method of Marsh (11). Glucose. 
6-P dehydrogenase was prepared from yeast (12). Phosphoglucomutas| 
was prepared from rabbit muscle (13). DEAE-cellulose was purchased 
from the Eastman Kodak Company. 

Assay for UDPG Pyrophosphorylase—The assay method was essentially 
that described by Munch-Petersen (10). The rate of glucose-1-P liberation 
from UDPG upon addition of PP was measured spectrophotometrically 
in the presence of TPN and excess phosphoglucomutase and glucose-6-P | 
dehydrogenase. A unit of enzyme is defined as that amount of enzyme 
which will pyrophosphorylize 1 umole of UDPG per minute under the 
conditions of the assay. Specific activity is expressed as units of enzyme 
activity per mg. of protein. Protein concentration was determined by the 
biuret test (14), ultraviolet absorption (15), or the method of Lowry ¢ 
al. (16). 

The assay procedure is as follows: Into a quartz microcell with a 1 em| 
light path were pipetted 0.85 ml. of 0.1 m Tris (pH 7.5), 0.05 ml. of 0.13 x} 
mercaptoethanol, 0.02 ml. of 0.1 m MgCl; , 0.01 ml. of 0.02 m TPN, 0.01' 
ml. of 0.02 m UDPG, 0.02 ml. of phosphoglucomutase, 0.02 ml. of glu. 
cose-6-P dehydrogenase, and 0.02 ml. of the enzyme solution containing 
0.002 to 0.01 unit of activity. The reaction was started by the addition! 
of 0.01 ml. of 0.1 m PP, and optical density readings at 340 my were taken 
every 30 seconds until TPN reduction attained a linear rate. Care was 
taken to insure at least a 10-fold excess of the two indicator enzymes; 
hence, the rate of TPN reduction was proportional to UDPG pyrophos. 
phorylase concentration. 

With crude enzyme preparations it was necessary before the addition of 
PP to determine the rate of TPN reduction due to contamination of the 
preparations with an enzyme that liberated glucose-1-P from UDPG. 
Corrections for this activity rarely amounted to more than 10 per cent of 
the pyrophosphorylase activity. 


Results 
Purification of Enzyme 


Acetone Powder Extract—Acetone powders of 4 day-old mung _ bean 
seedlings were used as starting material. These were prepared by three 
extractions with acetone cooled to —20°. The first extraction was carried 
out by homogenizing the seedlings with 3 volumes of acetone in a Waring 
blendor for 2 minutes. After filtration on a large Biichner funnel the 
residues were homogenized two additional times with 1 volume aliquots 
of cold acetone. The residues were spread on filter paper to dry at room 
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temperature until the odor of acetone was not detectable. The powder 
was stored at —10° in stoppered bottles until used. 

100 gm. of acetone powder were extracted with 1200 ml. of 0.1 m Tris 
(pH 7.5) with occasional stirring at 0° for 1 hour. The suspension was 
centrifuged, and the supernatant liquid was decanted through cheesecloth 
in order to remove floating debris. 

Ammonium Sulfate Fractionation—Ammonium sulfate was added slowly 
to the acetone powder extract at 0° with stirring over a period of 30 min- 
utes to 85 per cent saturation. The precipitate was collected by centrif- 
ugation, and the supernatant liquid was discarded. The precipitate was 
suspended in 60 ml. of 65 per cent saturated (NH,4)SO, and stirred for 15 
minutes. The suspension was centrifuged, and the supernatant liquid 
was again discarded. The precipitate was then suspended in 60 ml. of 
35 per cent saturated (NH,4)2SO, and stirred for 15 minutes. The super- 
natant solution obtained after centrifugation of this suspension was 
dialyzed for 3 hours against 4 liters of distilled H,O at 3° and then 
overnight against 4 liters of 0.005 m sodium phosphate buffer, pH 6.0, 
containing 0.1 ml. of mercaptoethanol. An inactive precipitate which 
formed during the second dialysis was removed by centrifugation, and 
the supernatant solution was decanted. 

Alumina Cy Treatment—A suspension of alumina Cy (12 mg. per ml. of 
dry weight) (17) containing one-third as much weight of gel as weight of 
protein was added to the dialyzed (NH,).SO, fraction. After stirring for 
30 minutes the suspension was centrifuged, and the precipitate was dis- 
carded. Approximately two-thirds of the protein is precipitated by this 
step with a loss of 5 to 25 per cent of UDPG pyrophosphorylase activity. 
The resulting solution was dialyzed against 4 liters of 0.005 m sodium phos- 
phate buffer, pH 7.5, containing 0.1 ml. of mercaptoethanol at 3° over- 
night. 

Chromatography—The dialyzed protein in the alumina Cy supernatant 
fraction was then subjected to anion exchange chromatography on a 
DEAE-cellulose column by using methods described by Peterson and So- 


| ber and Sober et al. (18, 19). The entire operation was carried out in a 
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cold room at 3°. The column was prepared by allowing an aqueous slurry 
containing 3 gm. of DEAE-cellulose to pack by gravity in a column 2 cm. 
in diameter. The column was washed with 0.005 m sodium phosphate buf- 
fer, pH 7.5, before use. The enzyme solution containing 355 mg. of pro- 
tein was passed down the column at the rate of 2 ml. per minute. The 
eluate was collected in 10 ml. fractions by means of an automatic fraction 
collector. The resin was then eluted with 0.005 m sodium phosphate buf- 
fer, pH 7.5, containing increasing concentrations of NaCl as indicated in 
Fig. 1. The elution of protein was followed by ultraviolet absorption at 
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280 mu. The enzymatic activity in the peak shown accounted for nearly 
all the activity applied to the column. The fraction with the highest ac. 


tivity (No. 107) was used in studying the properties of the enzyme. An| 
additional peak of UDPG pyrophosphorylase activity not shown in Fig, | 


1 was also observed in Fractions 70 to 80. The highest activity in this 
peak, however, was relatively low, amounting to only 1 unit per ml. The 








_. . * so SF cs 
|___ 9005 M PHOSPHATE, pH 75——— 
ed 
12 — TO|GRADIENT TO 2 
O1MNaCt | O3MNaCl 7 
300 es 
o 08 
© 1250 S 
Q 06 1200 < 
. ‘we 2 
2 i | 
” Vand ~ 
| 100 3 
02 ee ~~? 
SS oe 





20 40 60 80 100 120 140 16 
FRACTION NUMBER 
Fig. 1. Chromatography of the partially purified enzyme on DEAE-cellulose 
The solid area refers to units of activity per ml., while the open area refers to the 
optical density at 280 mp (ODoex»). 


TABLE | 
Purification of Enzyme 








Step Amount | Protein | Totalunits {Specific activity 
a OF we i. | ml. | : mg. ; "4 
Acetone powder extract...........| 980 8400 8800 1.04 
(NH4)2SO, fraction...............) 114 | 930 6700 73 
Alumina Cy treatment............| 134 | 355 5200 14.6 


DEAE-cellulose chromatography. . | 10 2.7 2200 | 815 


fractions were stored frozen at —7° after the addition of 0.01 ml. of mer- 


captoethanol to each. A summary of the purification procedure is given 
in Table I. 


Properties of Purified Enzyme 


Effect of pH—The pH of the enzyme is approximately 8.0 (Fig. 2). 
This was determined in mixed buffers containing phosphate, Tris, and gly- 
cine, each of 0.03 m final concentration, and adjusted to the desired pH 
with HCl or NaOH. The reaction mixtures contained 0.5 ymole of UDPG, 
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1.0 umole of PP, 2.0 umoles of MgCl, and 5.0 umoles of mercaptoethanol 
in 1.0 ml. of buffer. 0.01 unit of purified pyrophosphorylase (0.012 y of pro- 

| tein) was added, and after incubation for 20 minutes at room temperature 
An the reactions were stopped by heating for 1 minute in a boiling water bath. 

>| The amounts of glucose-1-P formed were then determined spectrophoto- 
th S| metrically by the addition of TPN, phosphoglucomutase, and glucose-6-P 
The} dehydrogenase. 

Effect of Substrate Concentration—The rate of UDPG pyrophosphorolysis 
was studied as a function of UDPG and PP concentration. The data are 
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Fig. 2. pH optimum of UDPG pyrophosphorylase. The reactions were carried 
out in a mixed buffer of phosphate, Tris, and glycine as described in the text. 
— | Fig. 3. Effect of UDPG and PP concentration on reaction rate. The conditions 
tivity | were the same as those described in the assay procedure except for variations in the 
— | concentration of either UDPG or PP. 
)4 i " ‘ ‘ —— 
. plotted according to Lineweaver and Burk (20) in Fig. 3. K,, was calcu- 
; | lated to be 1.1 X 10-*m for UDPG and 2.3 X 10-* o for PP. 


|  Specificity—The purified enzyme appears to be specific for UDPG. This 
was determined as follows: In separate experiments, 0.1 unit of purified 
mer. | “zyme was incubated with 2.0 umoles of glucose-1-P, galactose-1-P, xy- 
a lose-1-P, a- and 8-L-arabinose-1-P, glucuronic acid-1-P, and galacturonic 
| acid-1-P along with 1.0 umole of UTP and 1.0 umole of MgCl, in 0.6 ml. of 
0.01 m Tris, pH 7.5. After incubation for 10 minutes at room temperature 
the enzyme was denatured by heating, and the incubation mixtures were 

9) lyophilized. The nucleoside derivatives were separated electrophoretically, 
ow and the amount of sugar nucleotides formed was estimated spectrophoto- 
| pH metrically (4). 0.4 umole of UDPG was formed in the incubation mixture 
PG, containing glucose-1-P, although no sugar nucleotides were found to be 
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formed in the incubation mixtures containing the other sugar phosphates, | 16. Lov 


The lower limit of detection by this method is approximately 0.05 umole} _ 1 
When 0.1 unit of activity from the acetone powder extract was substituted |!” - 

, oe 18. Pet 
for the purified enzyme under the same conditions, detectable amounts of 19. Sol 
sugar nucleotides were formed in all the incubation mixtures except the s 
ones containing glucuronic acid-1-P and galacturonic acid-1-P. } 20. Lin 


Cofactor Requirement—Apart from a divalent metal requirement that has 
previously been shown (4), a dialyzable cofactor could not be demon.- | 
strated. 

Stability—Even in the presence of mercaptoethanol which protects the | 
enzyme, the purified fractions lost 90 per cent of their activity after storage | 
for 2 weeks at —7°. The cruder preparations were more stable, as they | 
retained their full activity under the same conditions. 





SUMMARY | 


Uridinediphosphate glucose pyrophosphorylase has been purified ap- | 
proximately 800-fold from mung bean seedlings. It has a pH optimum of | 
8.0 and a K,, for uridine diphosphate glucose and pyrophosphate of 1.1 x | 
10-4 m and 2.3 X 10-‘ M, respectively. The enzyme appears to be specific | 
for uridine diphosphate glucose. 
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| A SIMPLIFIED PREPARATION OF SPHINGOMYELIN 


By MAURICE M. RAPPORT anp BERNARD LERNER 


(From the Division of Laboratories and Research, New York State Department of Health, 
and the Sloan-Kettering Institute for Cancer Research, New York, New York) 


(Received for publication, December 26, 1957) 


In connection with studies in this laboratory of lipide interactions and 
their influence on certain biological properties of lipides, it was necessary 
to have a readily available supply of pure sphingomyelin. For this pur- 
pose we required a simplified procedure that might be applied to material 
from a commercial source. A sphingomyelin fraction contaminated with 
large quantities of phosphatidylcholine and phosphatidal choline and 
smaller quantities of other materials was obtained from the Sylvana 
Chemical Company. This fraction, a by-product of the preparation of 
beef heart lecithin according to the method of Pangborn (1), precipitates 
from a concentrated ether-acetone (5:1) solution of choline phosphatides 
upon being chilled (1). The bulk of glycerophosphatides was removed from 
this fraction by means of hexane-acetone (1:1). Chromatographic frac- 
| tionation of the residue did not afford sufficiently high recovery of pure 
material, and recourse was therefore had to the exceptionally mild alkaline 
| hydrolysis conditions of Dawson (2). The material obtained was re- 
| crystallized from methanol-ethyl acetate to give an excellent yield of pure 
beef heart sphingomyelin. 


EXPERIMENTAL 


Analytical methods were described (3). The sphingomyelin fraction 
was obtained from the Sylvana Chemical Company, Orange, New Jersey, 
as a sediment wet with ether-acetone. It was dried in vacuo and extracted 
with hexane-acetone (1:1), 20 ml. per gm. The solid was collected by 
centrifugation and reextracted as before. Residual solvent was removed 
from the colorless insoluble sediment in vacuo. The residue was taken 
up in absolute ethanol (7 ml. per gm.) and centrifuged to remove a small 
quantity of dark brown solid. Analysis gave the following results: P 3.91, 
N 3.14; mole N:P 1.78; mole ester group to P 0.3; mole choline to P 0.92; 
mole glycerol to P 0.24; mole aldehyde to P (Schiff) 0.04; galactose (an- 
throne), less than 1 per cent. 

To a solution of 5.0 gm. of this material in 710 ml. of methanol plus 
90 ml. of water at 37°, 200 ml. of n methanolic sodium hydroxide at 37° 
were added. The solution was held at 37° in a water bath for 20 minutes. 
The mixture was then acidified with 80 ml. of 2.6 nN methanolic HCl. 
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The methanol was removed under reduced pressure, and the residual | 
solid was suspended in 150 ml. of water containing 40 gm. of sodium | 


sulfate. The lipide was extracted with 125 ml. of chloroform in two 
steps. Separation of the phases required centrifugation. The chloroform 
layer was filtered by gravity and evaporated to dryness under reduced 
pressure. The residue was taken up in 15 ml. of methanol plus 20 ml. of 
ethyl acetate, heated to the boiling point, and quickly centrifuged to 
sediment a small quantity of insoluble material. The supernatant solu- 


tion was transferred to a clean vessel, 85 ml. of ethyl acetate were added, | 


the mixture was heated and gravity filtered to give a clear, almost colorless 
solution. This was allowed to cool slowly to room temperature and then 
chilled overnight. The precipitate was collected by suction filtration, 
washed with ethyl acetate, and dried. The yield was 3.75 gm.: P 3.83; 
N 3.32; mole N:P 1.92. 3.5 gm. of this material were recrystallized from 
110 ml. of ethyl acetate-methanol (10:1) as above to give 3.3 gm. of color- 
less final product: P 3.84; N 3.46; mole N:P 2.00; aldehyde (Schiff), 





negative on 960 7; ninhydrin, negative on 250 7; hexose (aminodipheny)), | 
less than 0.3 per cent; iodine number 31.8; [a]?8 +4.9° (ce, 4 per cent in | 
chloroform-methanol 1:1; Keston polarimeter). The mother liquors were | 


evaporated to dryness to give 0.12 gm.: P 3.38; N 2.89; mole N:P 1.89. 


DISCUSSION 


The commercial beef heart fraction, after extraction with hexane-acetone 
to remove most of the plasmalogen, is especially suitable for preparing pure 
sphingomyelin since it is also almost free from cerebrosides, one of the 
principal impurities in sphingomyelin from other sources. 

In confirmation of Dawson’s report (2), we determined that the condi- 
tions of alkaline hydrolysis he described permit a quantitative conversion of 
phosphatidylcholine into glycerylphosphorylcholine. The well known 
lability of the glycerylphosphorylcholine attests to the gentleness of the 
hydrolysis. It is reasonable to assume therefore that even the more 
labile fatty acid amide linkages to sphingosine would not be affected by 
this method, and the very high yield gives additional assurance that no 
selection of the more stable sphingomyelin species is occurring. Our 
experience with chromatography on silicic acid or alumina did not permit 
a sharp separation in the first eluates of phosphatidylcholine from sphingo- 
myelin (based on ester group analysis), and the yield of pure sphingomye- 
lin was only about one-half of that found by the method described. We 
believe that a method avoiding chromatography also offers a better op- 
portunity for scaling up the quantities that may be handled with the least 
effort. 

We call attention to a little used criterion of purity that is rather rigorous 
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and particularly suitable for compounds for which sensitive physical 
constants are lacking. Recrystallization is usually applied by repeating 
the procedure until analytical values or physical constants of the main 
fraction remain unchanged. Since removal of very small quantities of the 
main fraction cannot appreciably change the analysis, regardless of their 
composition, it is advisable to recrystallize the material so that at least 10 
to 20 per cent remains in the mother liquor. Our criterion, which is 
much more economical with regard to recovery of material as well as much 
more sensitive in detecting impurities, is to recrystallize under conditions 
that leave only 1 to 5 per cent in the mother liquor and to compare the 
analysis of this material with that of the main fraction. In this way 
impurities are enriched so that analytical methods reveal their presence, 
and when the difference between the main fraction and the fraction re- 
maining in the mother liquor is small, there is maximal assurance that 
the method of recrystallization used has accomplished its purpose. 


We wish to acknowledge the generosity of Mr. 8. Rosenberg for sup- 
plying the crude beef heart sphingomyelin, and to thank Mr. Richard 
Brandt for the hexose determination. 


SUMMARY 
A simplified preparation of pure beef heart sphingomyelin from a com- 
mercially available source of crude material is described. 
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THE INTERACTION OF SODIUM OLEATE 
WITH CONARACHIN II 


By A. M. G. KINNEAR, KIRSTEEN O. KELLY, anv W. E. F. NAISMITH 


(From Imperial Chemical Industries Limited, Fibres Division, Dumfries, Scotland) 


(Received for publication, November 15, 1957) 


An extensive amount of work has been reported in recent years on the 
interaction between salts of long chain paraffin acids and proteins (1). Of 
the globulin type of proteins, arachin from the groundnut (2) (Arachis 
hypogaea) and legumin from the pea (3) (Pisum sativum) have received con- 
siderable attention. At low detergent concentrations, association of the 
arachin half molecule was promoted, whereas, at higher concentrations, 
complex formation involving irreversible breakdown into fragments of 
molecular weight of 58,000 containing protein and detergent took place 
(2). With legumin and sodium dodecyl sulfate, protein-detergent com- 
plexes were formed of which the protein portion had approximately one- 
sixth of the molecular weight of the native legumin (3). 

The present work is concerned with the examination (mainly by ultra- 
centrifugation) of the interaction between the conarachin II fraction of 
groundnut protein and sodium oleate at alkaline pH values. The effects 
of pH, ionic strength, sodium oleate-protein ratio, and time on the reaction 
have been investigated. Preliminary results with 1 or 2 other long chain 
molecules are also reported. 


EXPERIMENTAL 
Materials and Methods 


Phosphate-sodium chloride buffers were used for pH 8, and glycine- 
sodium chloride-sodium hydroxide for higher pH values; the buffer salts 
were analytical reagent grade. Sodium oleate, sodium dodecylbenzene 
sulfonate, castor oil, and Turkey red oil (sulfated castor oil) were technical 
grades. Cetavlon (cetyltrimethylammonium bromide) was of B. P. purity. 

The protein fractions were prepared from groundnut meal as described 
by Johnson and Naismith (4) and were normally used as 5 per cent stock 
solutions in the appropriate buffers. The sedimentation diagram of con- 
arachin II at ionic strength J = 0.5, pH 8 (Fig. 1), reveals the presence 
of some more slowly sedimenting conarachin I impurity. No satisfactory 
method for the removal of this impurity has yet been devised. Protein 
solution, oleate solution, and buffer were mixed in quantities calculated to 
give the desired oleate-protein ratio at 1 per cent protein level. The mix- 
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tures were generally examined after standing for 18 hours at room temper- 
ature. 
The sedimentation velocity measurements were carried out in a Spinco 


ultracentrifuge at 50,740 r.p.m., sedimentation being observed by the di- | 


agonal schlieren optical system. Sedimentation constants were reduced 
to the viscosity and density of water at 20°. 
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Fig. 1. Sedimentation diagram of conarachin II at J = 0.5, pH = 8. Protein 


concentration = about 1 gm. per 100 ml. 

Fig. 2. Sedimentation diagrams (at comparable stages of sedimentation) of 
conarachin II and sodium oleate at the following oleate-protein molecular ratios: 
(a) 7:1, (b) 28:1, (c) 35:1, (d) 42:1, (e) 49:1, (f) 70:1, (g) 140:1, (h) 400:1. I = 05, 
pH = ll. 


Results 
Effect of Oleate-Protein Ratio 


The sedimentation diagrams of Fig. 2 at comparable stages of sedimenta- 
tion illustrate the effect of variation of oleate-protein ratio on the forma- 
tion of the complex at ionic strength J = 0.5, pH 11. It will be observed 
that, as the sodium oleate concentration is increased, the proportion of the 
faster sedimenting component of the sedimentation constant, s = 158 
(Svedberg units), becomes greater. The dependence of the percentage 
amount of complex formed on the initial oleate-protein ratio, as calculated 
from the areas of the peaks in the sedimentation diagrams, is shown in 
Fig. 3. It is apparent from Fig. 2 that under these conditions complete 
conversion to the complex is achieved at an oleate-protein ratio between 
70:1 and 140:1. The effect of a much higher concentration of sodium 
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per- oleate is also shown in Fig. 2 where it it seen that the peak representing 
the complex has become very broad as compared with the discrete peak 
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Fig. 3. Plot of oleate-conarachin II molecular ratio against per cent of complex 
formed at J = 0.5, pH = 11. 
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erved Fig. 4. Sedimentation diagrams of conarachin II and sodium oleate at molecular 
of "| oleate-protein ratios of 70:1. 
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ntage } observed at lower values. It therefore seems probable that different types 


ulated of binding are operative in the regions of low and high oleate-protein ratios. 
wh i 

nplete Effect of pH and Ionic Strength 

twee The sedimentation diagrams in Fig. 4 show the effect of varying pH and 


odium | ionic strength at an oleate-protein ratio of 70:1. It will be observed that 
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the formation of the complex is favored at high ionic strength and to a | 


smaller extent at low pH values. At J = 0.5, pH 9, the sedimentation 
constant of the complex is very much higher than normal (about 23 8). 
When the solution at J = 0.5, pH 11, was dialyzed to J = 0.5, pH 8, dis- 
sociation of the complex occurred. A second dialysis to J = 0.5, pH 11, | 
however, did not cause the complex to reform, presumably because the | 
oleate had been removed. 

The effect of high oleate concentrations at J = 0.02, pH 11, was to 
cause fragmentation of the molecule, as is seen in Fig. 5. Whether these 
are fragments of the original molecule or are complexes formed from oleate | 
and protein fragments is not apparent. It will be observed from Fig. 5, a 
that conarachin II is not altered in buffer of J = 0.02, pH 11, in the absence 
of oleate. 


Net 
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Fig. 5. Sedimentation diagrams of conarachin II and sodium oleate at J = 0.02, 
pH = 11, and oleate-protein ratios of (a) 0, (b) 120:1, (c) 400:1. 

Fig. 6. Sedimentation diagrams of conarachin II at J = 0.5, pH = 8, containing 
weight ratios of Turkey red oil to protein of (a) 2:5, (b) 4:5, (c) 8:5, (d) containing 
sodium dodecylbenzene sulfonate at a detergent-protein molecular ratio of 110:1. 
I = 0.5, pH = 11. 


Effect of Time 


At an oleate-protein ratio of 70:1 and J = 0.5, pH 11, no change in the 
sedimentation diagram was observed in the period 1 to 24 hours, which 
would indicate that the oleate-protein reaction was fairly rapid. 


Other Long Chain Molecules 


No interaction between conarachin II and castor oil was observed. 
When, however, Turkey red oil was used, complex formation was seen to 
take place at J = 0.5, pH 11 (see Fig. 6). Fig. 6 also illustrates complex 
formation between conarachin II and sodium dodecylbenzene sulfonate. 
No complex formation with Cetavlon was observed. 


Arachin 


At pH 11, arachin is converted to slowly sedimenting material by way 
of the half molecule stage (5). At lower pH values (8 to 9), precipitation 
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of arachin by sodium oleate occurred. A comparable investigation with 
this fraction could not therefore be carried out. 
DISCUSSION 

The principal facts which emerge from this investigation are that a 
high molecular weight complex is formed between conarachin II and oleate 
ions under suitable conditions of pH and ionic strength and that the nature 
of the complex is largely determined by the initial oleate-protein ratio. 

At ratios not greater than 70:1, free conarachin II was always detect- 
able in the solution, and the complex was represented by a sharp discrete 
peak in the sedimentation diagram; this became broadened and diffuse as 
soon as the oleate-protein ratio was high enough to cause all the protein to 
be combined. These observations point to the “all or none” nature of the 
initial interaction; z.e., the oleate ions are not statistically distributed over 
all the available binding sites on all the protein molecules, but are combined 
in a stoichiometric manner. Statistical binding does not occur until the 
oleate is present in considerable excess. 

The precipitation of proteins by anionic detergents at acid pH reactions 
is usually explained in terms of polar binding of the oppositely charged 
species. Solution of the precipitates in excess detergent represents further 
binding of a non-polar nature and consequent formation of high molecular 
weight micellar complexes (6). In the present instance, in the pH range 
under consideration, the protein carried a high net negative charge due to 
the ionized carboxyl groups, and this must present a considerable electro- 
static barrier to combination with the similarly charged oleate ions. 
Nevertheless, it is highly unlikely that the initial binding of oleate can be 
accounted for by a non-polar mechanism. It is widely accepted that in 
order to combine with a protein the ligand molecule must be charged (7), 
and it has been shown that in many cases combination of a detergent with 
a protein will take place on both sides of the isoelectric point (1). The 
importance of the charge is indicated in the present work by the fact that 
the protein will combine with Turkey red oil but not with castor oil; this is 
presumably a reflection of the presence of the sulfate group in the Turkey 
red oil. 

No combination with the cationic detergent Cetavlon was observed 
under the conditions studied. The absence of effects with organic cations 
was reported by Luck (7). However, no account of steric factors, such as 
the nature and length of the non-polar side chains, has at present been 
taken. It should perhaps be noted in this connection that, since the oleate 
ion has one double bond in the side chain, it should be capable of ex- 
istence in cis and trans forms; this may have an important effect on the 
secondary non-polar association. 

The negatively charged carboxylate groups of the protein must then be 
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considered to oppose binding of oleate ions. It was, however, suggested 


by Schwert e¢ al. (8) that interaction among molecules carrying similar net | 


charges could take place provided that there remain a sufficient number of 
positively charged basic groups to provide primary binding sites for the 
oleate anions. The likely groups involved are the e-amino group of lysine, 
pK 10.5, and the guanidinium group of arginine, pK 12.5. Since the com. 
plex formation takes place up to the region of pH 11, it is possible that the | 
arginine residues are chiefly responsible. The number of lysine groups per| 
molecule of conarachin II of molecular weight 160,000 (see later) is about 
thirty-six and of arginine residues about 120; these estimates are based on 
Chibnall’s (9) figures for the whole groundnut protein. The latter figure 
falls within the limits given by Fig. 2, f and g, of the number of oleate ions 
required to achieve complete conversion of protein to complex at J = 
0.5, pH 11. Various workers have shown that interaction with anions can 





be reduced or prevented by blocking the basic groups of the protein by 
acetylation or by treatment with formaldehyde (7). It is thus possible to| 
account for the initially bound part of the oleate by an electrostatic mech- 
anism. The masking of the negative charge by increasing the salt con- 
centrations also accounts for the complex formation being favored under 
these conditions. 

From Fig. 2 it will be observed that the molecular ratio required for 
complete binding of the oleate is between 70:1 and 140:1. At ratios lower 
than 70:1 free conarachin II was detected (Fig. 2). Ifa constant frictional 
ratio (f/fo) is assumed for the conarachin II component and the complex, 
then the s constants of 8.4 and 15 correspond to molecular weights of 
160,000 and 375,000, respectively. In order to increase the molecular 
weight by this amount, at least 700 molecules of oleate per molecule of 
protein would require to be bound. To account for this discrepancy it is 
possible that 2 protein molecules are involved in the complex. This 
would increase the molecular weight of the protein portion of the complex 
to 320,000, and only 180 molecules of oleate to 1 protein molecule would 
be required to increase the molecular weight to 375,000. In view of the 
ease of association of conarachin II (4), the possibility of protein-protein 
association, as well as protein-oleate association, appears quite reasonable. 

Conarachin II at pH 8 and 9 normally becomes associated under condi- 
tions of low ionic strength (4); this does not appear to happen in the 
presence of oleate. The protein is not normally denatured at pH 11 (10), 
but, at low ionic strength in the presence of oleate, conversion to slowly 
sedimenting material takes place as the oleate to protein ratio is increased. 
This would indicate that greater penetration of the protein molecule by the 
anion is made possible at low ionic strength owing to increased swelling 
arising from the more active electrostatic repulsions within the molecule. 
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The increased solubility of sodium oleate at low salt concentrations may 
also be partly responsible. 

In general, the nature of the interaction is in agreement with the hy- 
pothesis that binding takes place through a primary polar association of the 
oleate anions with positively charged groups, possibly guanidinium groups, 
on the protein, followed by a secondary binding of a large number of oleate 
jons presumably through non-polar interaction of the hydrocarbon residues. 


SUMMARY 


The protein conarachin II has been shown to form a high molecular 
weight complex with sodium oleate in the alkaline region of pH. This 
complex may possibly involve more than 1 protein molecule. The results 
are in accord with an initial electrostatic binding of the anions followed by 
further non-polar association to form complexes of a micellar nature. 
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ALDEHYDE OXIDATION 
I. DEHYDROGENASE FROM PSEUDOMONAS FLUORESCENS* 


By WILLIAM B. JAKOBY 


(From the National Institute of Arthritis and Metabolic Diseases, National Institutes of 
Health, United States Public Health Service, Bethesda, Maryland) 


(Received for publication, November 11, 1957) 


Descriptions of enzymes which oxidize aldehydes to their respective 
acids have included flavin-linked oxidases (1, 2) and a variety of pyridine 
nucleotide-linked dehydrogenases (3-6). 

The present report is concerned with a novel pyridine nucleotide-requir- 
ing dehydrogenase from Pseudomonas fluorescens (strain EG) which is 
active in the formation of the free acids from a wide variety of aliphatic 
and aromatic aldehydes. Unlike previously described pyridine nucleotide- 
linked aldehyde dehydrogenases, the enzyme from P. fluorescens requires 
phosphate and a mercaptan for the reaction shown below.' 


P; . r 
(1) RCHO + DPN*(TPN*) + HO 3H” RCOOH + DPNH(TPNH) + Ht 


x 


Isolation of Enzyme 


Growth—The organism used in these studies was isolated by the enrich- 
ment culture technique from a medium which contained ethylene glycol 
as the carbon and energy source. The organism has been identified as 
P. fluorescens (7) and designated as strain EG. 

Although strain EG cells are able to oxidize a wide variety of aldehydes 
to COe, the organism is unable to utilize these compounds for growth be- 
cause of their toxicity.2 Cells were, therefore, obtained in quantity by 
allowing growth to take place in a medium identical with that of the origi- 
nal enrichment, except for the addition of yeast extract. The medium 
contained the following constituents per liter: KAHPO,, 1.15 gm.; KH2POx,, 
0.625 gm.; MgSO.-7H2O, 0.02 gm.; NH,sNO;, 1 gm.; ethylene glycol, 
3ml.; yeast extract, 0.5 gm. 

*A preliminary report on this subject has been presented (Federation Proc., 16, 
201 (1957)). 


! The following abbreviations are used: DPN and TPN, di- and triphosphopyridine 
nucleotides, respectively; DPNH and TPNH, reduced DPN and TPN, respectively; 
Pi, inorganic phosphate; Tris, tris(hydroxymethyl)aminomethane chloride; BAL, 
2,3-dimercapto-1-propanol; EDTA, ethylenediaminetetraacetic acid; m.c.p.m., mil- 
lion counts per minute. 


*Jakoby, W. B., and Narrod, S., in preparation. 
75 








76 ALDEHYDE DEHYDROGENASE FROM PSEUDOMONAS 


Sterile culture medium (1.5 liters) in a 6 liter flask was inoculated with 
2 ml. of a freshly grown 18 hour culture of identical medium and aerated on 
a reciprocating shaker. After 18 hours, the cells were harvested by cen. 
trifugation (Sharples centrifuge), washed twice with saline, and frozen 
at —15°. At this temperature approximately 15 per cent of aldehyde 
dehydrogenase activity was lost per month of storage. The yield was 
generally 6 gm. of cells (wet weight) per 10 liters of medium. 

Assay—tThe increase in optical density at 340 my due to the formation 
of reduced pyridine nucleotide during the course of the reaction was fol- 
lowed spectrophotometrically. Unless otherwise specified, the incubation 
mixture consisted of the following constituents, in micromoles, per ml. o 
solution: potassium phosphate at pH 7.1, 50; DPN, 1.5; 1,2-dimercapto. 
propanol, 2.5; glycolaldehyde, 1; an appropriate amount of enzyme 
Glycolaldehyde was added to start the reaction after a 10 minute preincu- 
bation period for the other components. Optical density was determined) 
at half-minute intervals for 3 minutes. A unit of activity is taken as the} 
change in optical density of 0.1 per minute according to the standard con-| 
ditions outlined above. Specific activity is defined as units of activity per' 
mg. of protein. 

Under these conditions the rate of DPNH formation remains constant 
with respect to time during an optical density change of over 1.0. The 
assay provides a linear rate with enzyme concentrations, allowing the 
measurement of an optical density change of over 0.3 per minute. 

Extraction—P. fluorescens-EG cells may be disrupted by grinding with 
Alumina A-301 by the method of McIlwain (8) or by sonic disintegration 
with a Raytheon 10 ke. sonic oscillator. The latter procedure is to be 
preferred for larger quantities and was used throughout this study. Gen- 
erally, 20 gm. of frozen cells (wet weight) were suspended in 100 ml. of 4 
solution containing 0.1 m Tris and 0.03 m mercaptoethanol at pH 7.1. 
The cells were disrupted by sonic oscillation (10 ke.) for 10 minutes ina 
system cooled by circulating ice water and the product was centrifuged for 
30 minutes at 12,000 X g in a cold room kept at 04°. The supernatant 
fluid thus obtained loses 10 per cent of its activity if stored at —15° for 
1 week. 

Fractionation—Except as noted, all subsequent steps were carried out 
at ice bath temperatures and all additions were accompanied by stirring. 

To 100 ml. of the extract were added 17.5 gm. of ammonium sulfate. 
The suspension was centrifuged and the precipitate discarded. A further 
addition of 16.1 gm. of ammonium sulfate was made and the supernatant 
fluid discarded. The precipitate was dissolved in a total volume of 4 
ml. of 0.05 m Tris-0.02 m mercaptoethanol solution at pH 7.1 (Fraction 2). 
To 40 ml. of Fraction 2 was slowly added 1 ml. of acetone which had 
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previously been cooled to —30°. The solution was then transferred to a 
—5° ethanol-dry ice bath and an additional 18.6 ml. of acetone were added 
during a period of 5 minutes. The suspension was centrifuged at —5° 
and to the supernatant fluid were added 33.9 ml. of acetone over a period 
of 10 minutes. After centrifugation, the residue was thoroughly suspended 
in 15 ml. of 0.05 m Tris-0.02 M mercaptoethanol at pH 7.45 and recentri- 
fuged. The supernatant fluid represents Fraction 3 which must be carried 
to the stage of Fraction 4 immediately, since it is rapidly inactivated. 

To Fraction 3 was added an equal volume of an alkaline, saturated am- 
monium sulfate solution. The resultant precipitate was separated by 
centrifugation and dissolved in 15 ml. of 0.05 m Tris-0.01 m mercaptoethanol 
solution at pH 7.1 (Fraction 4). 

Fraction 4 was brought to pH 5.9 by the careful addition of 0.1 N acetic 
acid. To the resultant clear solution were added 15 ml. of alumina Cy 
gel (18 mg. of solids per ml.) and the suspension was placed at room temper- 
ature for 20 minutes. The gel was recovered by centrifugation and washed 
with 15 ml. of a solution containing 0.05 m Tris-0.01 m mercaptoethanol at 
pH 7.4. This was followed by washing with water containing 0.01 m 
mercaptoethanol. The enzyme was eluted with 0.08 m phosphate buffer 
at pH 6.7 containing 0.01 mM mercaptoethanol (Fraction 5). 

Fraction 5 may be concentrated by precipitation with an equal volume 
of saturated ammonium sulfate,’ as described for Fraction 4. The pro- 
tein is dissolved in 3 ml. of 0.05 m phosphate-0.01 m mercaptoethanol 
solution. Fraction 6 stored at —15° lost 15 per cent of its activity during 
1 month of storage; 50 per cent of the original activity is lost by storage 
at 3° for 1 week. 

A summary of the results of the fractionation procedure is presented in 
Table I. Some variability is associated with the results of the gel step. 
Appropriate titration with each batch of gel will generally overcome this 
difficulty. 

At this stage of purification the enzyme is free from acetylphosphatase, 
alcohol dehydrogenase, phosphotransacetylase, and DPNH oxidase ac- 


tivities. 
Properties of Enzyme 


Dehydrogenase action takes place at equal rates in air or under anaerobic 
conditions. Anaerobiosis was obtained by repeated evacuation and flush- 
ing of the assay system in a Thunberg tube (modified to fit into a Beckman 
DU spectrophotometer) with oxygen-free helium. 

Stability and pH-Dependence—Preparations of aldehyde dehydrogenase 


*Per 100 ml. of a saturated ammonium sulfate solution at 0°, were added 5 ml. of 
concentrated ammonia and 200 mg. of the disodium salt of EDTA. 
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are unstable under alkaline conditions, with the greatest stability shown 
at pH 6.7 (Fig. 1). Enzyme activity was found to be optimal at pH 84 








(Fig. 1). Because of the need for preincubation of the assay system before 
TABLE I 
Purification of Aldehyde Dehydrogenase 
: eee: BCE Ga 
— | Volume Total units | Total protein ouivie 
= = a a 
| ml. meg. | units per mg 
| - 
1 Extract | 100 5600 2090 2.7 
2 Ammonium sulfate I | 40 | 5520 | 960 | 5.8 
3 Acetone | 1 | 4290 | 19 | 22.0 
4 Ammonium sulfate II | 15 3990 138 | 28.9 
5 Gel eluate 15 2940 48 61.2 
6 





Ammonium sulfate III | 3 | 2870 | 46 | 62.5 
| 








100 


50 


ACTIVITY (PERCENT) 














pH 


Fig. 1. The solid line represents the rate of glycolaldehyde oxidation as a function 
of pH: (@) 0.05 m phosphate; (©) 0.05 m phosphate and 0.1 m Tris; (A) 0.05 m phos- 
phate and 0.1 Mm triethanolamine; (™) 0.05 m phosphate and 0.1 m glycine. The pil 
was checked immediately after the reaction. The dotted line indicates the stability 
of the enzyme after incubation at various hydrogen ion concentrations in the pres- 
ence of 0.05 m buffer and 0.01 m glutathione for 90 minutes at 37°: (A) phosphate 
(QO) Tris. All samples were adjusted to pH 8.45 prior to assay. 


the addition of substrate and its instability at alkaline pH values, it was 
found more convenient to conduct the standard assay at pH 7.1. 
Aldehydes—The enzyme is active with a wide variety of aliphatic and 
aromatic aldehydes. The rate of oxidation as a function of aldehyde 
concentration is shown in Fig. 2 for acetaldehyde, glycolaldehyde, propion- 
aldehyde, lactic aldehyde, 5-hydroxyvalerylaldehyde, benzaldehyde, and 
glyoxal. Glyceraldehyde (not included in Fig. 2) is oxidized at a maximal 
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rate, 7.e. 5 X 10-° mole per minute, at a substrate concentration of 0.03 
m under the same conditions as in Fig. 2. Other substrates which were 
active with these preparations include formaldehyde, acrolein, butyralde- 
hyde, isobutyraldehyde, valerylaldehyde, isovalerylaldehyde, furfural, 
histidinal, and indole-3-aldehyde. Of the compounds tested, the following 
were found to be inactive when examined in the range of concentrations 
from 1 X 10-* to 1 X 10~ m: glyceraldehyde 3-phosphate, chloral, glyoxylic 
acid, pyridoxal, succinic semialdehyde, and xanthine. 

It will be noted that after the concentration of optimal activity is reached 
additional substrate proves inhibitory. Glycolaldehyde was chosen as 


: 
| 
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psy 











0 o4 o8 120 2 4 6 
SUBSTRATE (MX1075) 
Fig. 2. Oxidation of aldehydes as a function of substrate concentration: Curve A 
acetaldehyde; Curve B, benzaldehyde; Curve C, propionaldehyde; Curve D, glycol- 


aldehyde; Curve E, glyoxal; Curve F, lactic aldehyde; Curve G, 5-hydroxyvaleryl- 
aldehyde. 


RATE OF DPNH FORMATION (M X1075/MINUTE) 


substrate for the standard assay because of its relatively broad optimal 
concentration range. The Michaelis constant for glycolaldehyde (Fig. 3) 
has been found to be 3.2 K 107‘ mM. 

Pyridine Nucleotides—Both DPN and TPN are active as electron accep- 
tors. The K,, for DPN is 3.3 X 10-‘ m (Fig. 4). The rate of TPN re- 
duction (at 4.5 X 10-* m) is 25 per cent of the optimum for DPN. The 
rate of reduction of the acetyl pyridine and the pyridine 3-aldehyde ana- 
logues of DPN (9) is less than 2 per cent of that of DPN at analogue con- 
centrations of 4.5 X 10-* m. In the presence of DPN the acetyl pyridine 
analogue does not inhibit the reaction, whereas the pyridine 3-aldehyde 
analogue (4.5 X 10-* m) inhibits approximately 60 per cent. 

Phosphate—Fither phosphate or arsenate is required for the reaction, 
as is shown in Fig. 5; slight inhibition is obtained at high concentrations. 
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Fia. 3. Lineweaver-Burk (10) plot relating glycolaldehyde concentration to initial 
rate of oxidation. K, = 3.2 X 10M. 

Fig. 4. Oxidation of glycolaldehyde as a function of DPN concentration (dashed 
ine); Lineweaver-Burk (10) plot of the data (solid line). K, = 3.3 X 10-4 M. 
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Fig. 5. Rate of glycolaldehyde oxidation as a function of arsenate (O) or phos- 
phate (@) concentration at pH 7.1. 


Imidazole, pyrophosphate, triethanolamine, glycine, and succinate do not 
substitute for phosphate. 

Thiols —Preparations of the aldehyde dehydrogenase at the stage of 
Fraction 4 are completely dependent on exogenous thiol after overnight 
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dialysis against a solution containing EDTA (0.1 per cent) and Tris (0.01 m) 
at pH 7.1. It is of interest that the addition of glutathione (0.01 m) to 
the dialyzing medium offers no protection, although at earlier stages of 
fractionation glutathione is an efficient protective agent against inactiva- 
tion. Activation of enzyme preparations after dialysis was effected by the 
addition of low concentration of dithiols or of much larger quantities of 
monothiol (Fig. 6). Half of the maximal activation was obtained at the 
following concentrations: pL-a-6,8-dimercaptooctanoic acid, 1 X 10-4 
M; 1,3-dimercapto-2-propanol, 2 X 10-4 m; BAL, 5 X 10-* ; glutathione, 
8 X 10° M; mercaptoethanol, 1.6 XK 10-! M; cysteine, 1.5 X 101m. Be- 





a : 8 om Ss Ss T 














OPTICAL DENSITY CHANGE /MINUTE 


1o-® 1074 io-> 10°@ 
SH [M] 
Fig. 6. Rate of glycolaldehyde oxidation as a logarithmic function of RSH con- 
centration: (C1), glutathione; (A), cysteine; (O), mercaptoethanol; (™), 2,3-mercap- 
topropanol; (A), 6,8-mercaptooctanoic acid; (@), 1,3-mercapto-2-propanol. 


cause these differences in effective concentration between mono- and 
dithiols suggested the possibility of a dithiol on the enzyme surface, arsenite 
was used as a diagnostic reagent (11-13). In the presence of mercapto- 
ethanol (0.005 m), 50 per cent inhibition of activity was obtained at an 
arsenite concentration of 8 K 10-5 m. The inhibition by arsenite was 
competitively reversed by BAL but not by monothiols (14). 

Maximal activation of the enzyme by thiols requires several minutes of 
preincubation with the thiol. 

Products—The products of the aldehyde dehydrogenase reaction have 
been identified for three aldehyde substrates as their respective free acids. 
Acetaldehyde oxidation led to the formation of a product identified as 
xetic acid by the acetokinase (15) reaction. Benzoic acid was charac- 
terized as the product of the benzaldehyde oxidation by use of a paper 
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chromatographic method (16). Similarly, glycolic acid was identified by 
paper chromatography after glycolaldehyde oxidation with use of the bu. 
tanol-ammonia (7:3) solvent of Isherwood and Hanes (17). The product 
of the last reaction was also checked by gradient elution chromatography 


(10). From a Dowex 1-Cl column, only glycolic acid was found to ae.! 


cumulate after glycolaldehyde oxidation by these preparations. 

After incubation with either acetaldehyde or glycolaldehyde as the sub. 
strate, a positive hydroxamic acid reaction (18) could not be detected, nor 
was organically bound phosphate detected. Organic phosphate was as 
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Fig. 7. Complete oxidation of acetaldehyde and glycolaldehyde in the presence of 
0.05 M arsenate (@) or of 0.05 m phosphate (O) at pH 7.1. 


sayed by using P;* in the incubation mixture and isolating bound phosphate 
by the method of Berenblum and Chain (19). Neither acetyl phosphate 
nor S-acetylglutathione was found to be hydrolyzed after incubation for 
20 minutes with the enzyme in the presence of arsenate and CoA. After 
treatment of enzyme preparations with Dowex 1-Cl, with Norit, or with 
both of these (20), the addition of CoA to the standard assay system did 
not alter the rate of the reaction. The addition of adenosine mono-, di- 
or triphosphate‘ did not stimulate. 

Stoichiometry—1 mole of reduced pyridine nucleotide was formed pet 
mole of aldehyde added. In Fig. 7 is shown the quantitative reduction o 


* A sample of adenosine triphosphate (Sigma Chemical Company) known to cot- 
tain other ribotide triphosphates was equally ineffective. 
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DPN with acetaldehyde and with glycolaldehyde in the presence of either 
phosphate or arsenate buffers. 

Reversibility—Attempts to find evidence for the reversibility of Reac- 
tion 1 have not been successful. When glycolic acid or acetic acid was 
used as substrate, DPNH oxidation was not observed spectrophotometri- 
cally in the presence or absence of phosphate and arsenate, at varying pH 
values, at varying concentrations of substrate, and with several combina- 
tions of these variables. Semicarbazide and hydroxylamine were not 
efiective in promoting the reaction. In one experiment 5 m.c.p.m. (2 


' umoles) of 1-C'*-glycolic acid were incubated with the enzyme, with and 


ence of 


sphate 
sphate 
on for 

After 
r with 
»m. did 


o-, di-, 


ed per 
tion of 


to con- 





without phosphate, at pH 6.7. After 20 minutes, the reaction was stopped 
with acid and 5 mg. of glycolaldehyde were added. 2,4-Dinitrophenyl- 
hydrazine was added and the product was recrystallized three times. A 
similar experiment was performed, differing only in that glycolaldehyde 
(5 mg.) was present throughout the incubation period. In neither case 
was the recrystallized phenylhydrazone radioactive. 

When the standard assay system was supplemented with 50 yumoles of 
glycolic acid, no inhibition was noted. 

Order of Addition—The need for a preincubation period before the addi- 
tion of substrate has been noted in a discussion of the assay procedure. 
The highest reaction rates are obtained when enzyme is preincubated with 
both phosphate and DPN. Under these conditions the reaction proceeds 
at a linear maximal rate. Any variation from these conditions results in 
a decreased rate, as well as a lag period, before a linear rate is attained 
(Fig. 8). This phenomenon is particularly striking when substrate was 
preincubated with enzyme (Curve D), in which case the initial activity is 


| less than 20 per cent of that of Curve A. 


Incubation in H,O“%—In an attempt to assess the role of phosphate the 
experiment summarized in Table II was performed. The oxidation of 
glycolaldehyde was carried out in the presence of H,O*, DPN, and phos- 
phate. Pyruvate and lactic dehydrogenases were added in order to re- 
generate DPN. The extent of the over-all reaction summarized by Equa- 
tion 2, and catalyzed by lactic dehydrogenase and aldehyde dehydrogenase, 
was followed by the decrease in pyruvate. 


DPN 


CH.OHCHO + CH;COCOOH + H:0O P, 





CH.OHCOOH + CH;CHOHCOOH 


Had an organic phosphate been formed and undergone a hydrolytic 
cleavage during the course of the reaction, it would be expected that the 
P—OC bond would be hydrolyzed with the resultant incorporation of the 
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OPTICAL DENSITY 
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DPN, 0.5; BAL, 3; pyruvate, 


by the method of Cohn (21). 


| 2 3 
TIME (MINUTES) 


Fig. 8. Effect of preincubation on the rate of glycolaldehyde oxidation. Enzyme 
and Tris (0.05 m) at pH 7.1 were present in all cases. In addition the preincubation 
mixture contained phosphate and DPN (Curve A); phosphate and glycolaldehyde 
(Curve B); either phosphate, or DPN, or DPN plus glycolaldehyde (Curve C); 
glycolaldehyde (Curve D). After 10 minutes the missing component or components 
were added to start the reaction. 


TaB_e II 
Incubation in H.0 


Samples were incubated for 3 hours in a total volume of 0.95 ml. which contained 
the following constituents, in micromoles: potassium phosphate at pH 7.5, 150; 


268. An excess of rabbit muscle lactic dehydrogenase 


and an amount of aldehyde dehydrogenase capable of oxidizing 5 umoles of glycolal-| 
dehyde per minute were added. To Sample 2 were added 60 umoles of glycolalde. 
hyde at the rate of 2umoles per 5 minutes. The reaction was stopped with trichloro- 
acetic acid and, after the removal of the precipitated protein, KH.PO, was isolated 

















Atom per cent excess 08 
Sample No. Pyruvate Isolated KH2PO, 
H,08 
Calculated* Found 
pmoles 
1 0.5 4.6 0 0.007 
2 58.0 4.6 0.440 0.023 











oxidized. 


O'8 from water (21-23). 


* Calculated on the basis of 1 atom of O"8 in phosphate per mole of glycolaldehyde 


That this is not the case is clearly shown by the 


results (Table II) of 0" analysis® of the isolated phosphate. 


5It is a pleasure to express appreciation to Mr. M. P. Stulberg and Dr. P. D. 
Boyer for performing the O" analysis. 
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DISCUSSION 


The aldehyde dehydrogenase isolated from P. fluorescens may be differ- 
entiated from other enzymes of this type by its requirement for inorganic 
phosphate. The simplest basis of this requirement would be that fre: 
acyl phosphate is formed upon aldehyde oxidation. However, hydroxamic 
acid-reacting material was not found as the product, nor could free acyl 
phosphate, once formed, have been hydrolyzed by a phosphatase. 

It has been shown by Bentley (24) that the enzymatic hydrolysis of 
acetyl phosphate results in the hydrolytic cleavage of the P—OC bond. 
By carrying out the reaction in O'8-labeled water, followed by the isolation 
of the inorganic phosphate, it has been demonstrated that the P—OC bond 
isnot cleaved. Indeed, this experiment would appear to rule out the hy- 
drolytic cleavage of “bound” acyl phosphate as well. The participation 
of a bound form of acyl phosphate remains an open question, however, 
since the O"* experiment has no bearing on this possibility. Thus, transfer 
reactions are known to result in the PO—C type of cleavage (23) which 
would not incorporate O"8 into inorganic phosphate. 

Finally, inorganic phosphate may be involved in the “binding” of the 
reactants to the enzyme and some evidence suggests this mode of action. 
An initially linear rate, and in fact the greatest numerical rate of oxidation, 
is obtained only when pyridine nucleotide and phosphate are preincubated 
with enzyme before the addition of substrate. 


Materials and Methods 


Protein was determined by the method of Lowry et al. (25) with crystal- 
line bovine albumin employed as a standard. The method of Friedemann 
and Haugen (26) was used for pyruvate assay and that of Lipmann and 
Tuttle (18) for hydroxamic acids. Acetylphosphatase activity was fol- 
lowed by the loss of hydroxamic acid-reacting material after incubation of 
acetyl phosphate in the incubation system described here for aldehyde 
dehydrogenase. Phosphotransacetylase activity was determined by the 
method of Stadtman ef al. (20) in the presence of arsenate buffer. Sulf- 
hydryl group determinations were generously performed by Dr. R. B. 
Simpson by an unpublished modification of the method of Hughes (27). 

The product of the action of the aldehyde dehydrogenase on glycolal- 
dehyde was eluted from a Dowex 1-Cl column by gradient chromatography 
(1 em. column packed to 5 cm. in height with resin). A 0.05 m NaCl 
solution, 0.01 N with respect to HCl, was connected with a reservoir con- 
taining 500 ml. of water. After incubation, the reaction mixture was added 
to the resin, washed with 50 ml. of water, and the reservoir was joined to 
the column. Elution was allowed to take place at a flow rate of 0.5 ml. 
per minute. Under these conditions glycolaldehyde and glyoxal are eluted 
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with the water wash. Glycolic acid is collected at an eluate volume range 
of 70 to 95 ml. and glyoxylic acid from 110 to 140 ml. 

Alumina Cy was prepared by the method of Willstaitter and Kraut (28), | 
Acetaldehyde, propionaldehyde, butyraldehyde, benzaldehyde, and furfural 
were redistilled under reduced pressure before use. Glycolic acid was 
obtained as the potassium salt from commercial preparations and recrystal. 
lized several times from water. Glyoxylic acid was prepared by the| 
method of Weissbach and Sprinson (29). Some of this compound was a| 
gift from Dr. C. Maxwell. Lactic aldehyde was prepared by Dr. F. W. | 
Leaver (30) and was obtained from Dr. E. R. Stadtman. ptL-a-6,8-| 
Dimercaptooctanoic acid and 1,3-dimercapto-2-propanol were generously 
supplied by Dr. T. C. Stadtman and 5-hydroxyvalerylaldehyde by Dr} 
B. W. Agranoff. Histidinal (31) was a gift from Dr. E. Adams. The an-| 
alogues of DPN were gifts of Dr. N. O. Kaplan and acetokinase from Es. 
cherichia coli was a purified preparation (15) presented to us by Dr. B. L. 
Horecker. H,0" (32.5 per cent O'8) was purchased from The Weizmann 
Institute of Science, Israel. 


SUMMARY 


The partial purification of an aldehyde dehydrogenase from Pseudo- 
monas fluorescens is reported. The enzyme is active on a wide variety of 
aliphatic, alicyclic, and heterocyclic aldehydes. Xanthine, glyceralde. 
hyde 3-phosphate, chloral, and glyoxylic acid are not oxidized. The 
product of the reaction is the free acid. Diphosphopyridine or triphos- 
phopyridine nucleotides are required for activity as is phosphate or ar- 
senate. The role of phosphate in this system is not clear, although the 
results of pertinent experiments are discussed. 
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ALDEHYDE OXIDATION 


II. EVIDENCE FOR CLOSELY JUXTAPOSED SULFHYDRYL GROUPS 
ON DEHYDROGENASES* 


By WILLIAM B. JAKOBY 


(From the National Institute of Arthritis and Metabolic Diseases, National Institutes of 
Health, United States Public Health Service, Bethesda, Maryland) 


(Received for publication, November 11, 1957) 


The reactivity of mercaptans with carbonyl groups has often suggested 
the involvement of such combinations in the enzymatic transformation of 
compounds containing the carbonyl function. Although the details of 
the interaction between protein and substrate remain a matter of contro- 
versy, there can be no denial of the intimate involvement of protein sulfhy- 
dryl groups with substrate in at least several cases (2). With brain and 
several of the bacterial preparations (3), the sensitivity of the pyruvate 
oxidation system to arsenite (4-6), the isolation and identification of lipoic 
acid as a cofactor (7), and the separation of the manifold factors involved 
in pyruvate oxidation have established a dimercaptan as participating in 
a-keto acid oxidation (3). 

The finding (8) that low concentrations of arsenite were inhibitory to 


the oxidation of aldehydes by an enzyme from Pseudomonas fluorescens 


prompted the investigation of other aldehyde dehydrogenases, which have 
been found to be similar in this respect. Indeed, the sensitivity of alde- 
hyde dehydrogenases to arsenite appears to be the rule and suggests the 
involvement of two sulfhydryl groups in close juxtaposition with a role in 
the catalysis of aldehyde oxidation. The present report is concerned with 
evidence bearing on this concept. 


Results 


Arsenite Inhibition—The finding (8) that dimercaptans, as compared 
with monomercaptans, were of far greater efficiency in activating the 
P. fluorescens aldehyde dehydrogenase suggested the use of arsenite as a 
slective agent for an inquiry into the involvement of dimercaptans in the 
mechanism of this enzyme’s action. Arsenite proved to be inhibitory to 
a wide variety of aldehyde dehydrogenases, as shown in Fig. 1. The con- 
centration of arsenite required for 50 per cent inhibition varied between 
8X 10-5 m and 9 X 10 m among the different enzymes. As has been 
previously shown, the Pseudomonas (8) and the Clostridium kluyveri (9) 
enzymes display an absolute requirement for exogenous sulfhydryl com- 


* A preliminary report concerning part of this work has been published (1). 
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pounds, and these were necessarily included in the incubation mixtures, 
Beef liver preparations and both of the dehydrogenases obtained from yeast 
do not require SH compounds for aldehyde oxidation, although the addi- 
tion of 5 X 10-* m mercaptoethanol increased activity approximately 50 
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Fia. 1. Inhibition by sodium arsenite of aldehyde dehydrogenases from various 
organisms. Mercaptoethanol (5 X 10- M) was present in each incubation mixture. 
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Fig. 2. Arsenite inhibition of the yeast-DPN enzyme in the presence of varying 
concentrations of mercaptoethanol as indicated. 

Fig. 3. Effect of BAL on the activation of the Pseudomonas aldehyde dehydrogen- 
ase in the absence (@) and presence (O) of 1 X 10-‘ m sodium arsenite. 


per cent. In the absence of exogenous mercaptans, the effect of arsenite 
on both of the yeast enzymes and the liver enzyme was minimal. This is 
demonstrated in Fig. 2 for the yeast-DPN enzyme. Thus, the addition of 
a mercaptan (5 X 10-* m mercaptoethanol) was required for arsenite 
inhibition. Twice this concentration of mercaptoethanol (1 xX 10~ m) 
did not significantly release the inhibition (Fig. 2). 

The situation is to be contrasted with the effect of a dimercaptan, BAL; 


1 The following abbreviations are employed: BAL, 2,3-dimercaptopropanol (Brit- 
ish antilewisite); Tris, tris(hydroxymethyl)aminomethane; DPN and TPN, di- and 
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on the Pseudomonas system. It has been shown (8) that exogenous SH 
compounds were required for activity by Pseudomonas preparations, and 
the effects presented in Fig. 3 are the result of the requirement for mercap- 
tan as well as the reversal of inhibition from arsenite binding by dimer- 
captan. BAL was equally effective in reversing arsenite inhibition of the 
other aldehyde dehydrogenases used here. 

Less than 10 per cent inhibition was observed when glyceraldehyde-3- 
phosphate dehydrogenase, lactic dehydrogenase, alcohol dehydrogenase, 
and aldolase were incubated with 1 X 10-* M arsenite in the presence of 
5 X 10-* m mercaptoethanol. 

Question of Lipoic Acid Involvement—That arsenite is inhibitory by virtue 
of reacting with the two SH groups of lipoic acid appeared to be a plausible 


TaBLeE I 
Lipoic Acid in Pseudomonas Aldehyde Dehydrogenase Preparations 





| | 


Fraction | Protein per ml.|Activity per ml. a 
mg. units y 
Ammonium sulfate. .. ot Rite 13.4 | 65.4 | 0.588 
Gel eluate 1, 0.1 m Tris, pH 7.4..........| 5.2 | 0.08 <0.003 
= “< 62, O88 u Pi, pl 67... ; | 10.6 4.04 0.163 
< 6=63, 0.2 wu P;, pH 8.0.. nia | 9.4 0.94 0.096 








A preparation of the Pseudomonas enzyme at pH 6.8 in 0.1 m Tris buffer, which 
had previously been subjected to ammonium sulfate precipitation (Ammonium Sul- 
fate Fraction), was adsorbed onto calcium phosphate gel and eluted with successive 
portions of Tris buffer at pH 7.4, P; buffer at pH 6.7, and Pj buffer at pH 8.0. The 
samples were lyophilized and assayed for lipoic acid (22). 


explanation when partially purified preparations of the aldehyde dehy- 
drogenase from the pseudomonad were found to contain substantial quan- 
tities of lipoic acid? (Table I). The data presented below, however, allow 
the conclusion that lipoic acid is not involved in aldehyde dehydrogenase 
activity. 

The recent report of Reed et al. (10) concerning the partial purification 
of an enzyme (“‘lipoyl-X hydrolase’) which releases lipoic acid from the 
holopyruvate oxidation system, as well as another enzyme preparation 
which activates the apopyruvate oxidation system by incorporating lipoic 
acid into the latter system, appeared to offer a powerful tool for the solution 


of the question of lipoic acid participation in reactions catalyzed by alde- 
hyde dehydrogenases. 





triphosphopyridine nucleotides, respectively; CoA, coenzyme A; ATP, adenosine 
triphosphate; EDTA, ethylenediaminetetraacetic acid. 

* We are grateful to Mr. C. W. Shuster and Dr. I. C. Gunsalus for performing the 
lipoic acid assays presented in Table I. 
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TaBLe II Th 
Release of and Attempts at Activation with Lipoic Acid hydre 
Experiment 1. In a total volume of 1.35 ml. were contained 4.2 mg. of Pseudo. _—egndi 


monas aldehyde dehydrogenase, 2.5 mg. of S. faecalis hydrolase, 5 umoles of mercap- hydrc 
toethanol, and 20 umoles of potassium phosphate at pH 7.0. After incubation for 4 

hours at 30°, the solution was dialyzed at 4° for 12 hours against 2 liters of 0.05 » becar 
potassium phosphate at pH 7.0 containing 1 gm. of EDTA and 0.7 ml. of mercapto. | dehy¢ 
ethanol. The enzyme was precipitated by adding an equal volume of alkaline, | aldeh 
saturated ammonium sulfate solution (8), and the precipitate was dissolved in 0.1 | JT) th 
M P; at pH 7.0, which was 0.05 m with respect to mercaptoethanol. Experiment 2. result 
Similar to Experiment 1, except that another Pseudomonas preparation and one-third 

of each of the components was used. Experiment 3. In a total volume of 0.26 ml. soap 
in a 3 ml. cuvette were contained the following (in micromoles): ATP, 0.02; MgCl, The y 
0.8; thiaminepyrophosphate, 0.04; potassium phosphate at pH 7.0, 6; mercaptoeth- | result 
anol, 5. Finally 1 y of lipoic acid, 89 y of Pseudomonas aldehyde dehydrogenase, | Att 
and 500 y of E. coli-activating system were added and incubation carried out for 1 | (Tabl 
hour at 30°. The reaction was essentially halted by the addition of 2.4 ml. of water. ‘ 
Aldehyde dehydrogenase activity was measured directly in the cuvettes by the | Wii 
addition of the following, in micromoles, in the stated order: potassium phosphate | teins, 
at pH 8.0, 150; DPN, 0.9; glycolaldehyde, 3. Experiment 4. As in Experiment 2, | oxida’ 
except that 1.4 mg. of yeast-DPN preparation replaced the Pseudomonas enzyme. | ¢4 ql, ( 
Experiment 5. As in Experiment 3, except that 450 y of the yeast-DPN preparation 
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The Pseudomonas aldehyde dehydrogenase was incubated with the 
hydrolyzing enzyme, followed by dialysis and lipoic acid assay. The 
conditions for these procedures are detailed in Table II. Because the 
hydrolyzing enzyme was contaminated with alcohol dehydrogenase, it 
became necessary to remove the latter enzyme before assay for aldehyde 
dehydrogenase activity. The separation was achieved by precipitating 
aldehyde dehydrogenase with ammonium sulfate. It is evident (Table 
II) that the removal of greater than 96 per cent of the lipoic acid did not 
result in the loss of aldehyde dehydrogenase activity. Furthermore, 
removal of lipoic acid did not alter the sensitivity of the enzyme to arsenite. 
The yeast-DPN enzyme subjected to identical treatment yielded analogous 
results (Table IT). 

Attempts at “activating” the Pseudomonas and the yeast-DPN enzymes 
(Table II) did not result in an increase in aldehyde dehydrogenase activity. 

With the aim of identifying the nature of the lipoic acid-containing pro- 
teins, the purified Pseudomonas preparation was examined for pyruvate 
oxidation activity by a modification of the dismutation assay of Korkes 
etal. (11) and for a-ketoglutarate oxidation activities by the DPN reduction 
assay of Gunsalus (7). No activity was obtained with either substrate, 
even though the Pseudomonas preparation was supplemented with an 
apopyruvate oxidation system prepared from Streptococcus faecalis (10). 


DISCUSSION 


It is now well established that arsenite forms a relatively non-dissociable 
complex with closely situated SH groups in a-keto acid oxidase systems 
that are lipoate-linked (4-6). The mechanism of such complex formation 
has been documented by Stocken and Thompson (12), who demonstrated 
that the addition of 1 mole of arsenite resulted in the disappearance of 2 
moles of free SH groups of the protein, kerateine. 

When added to aldehyde dehydrogenases, arsenite was inhibitory to the 
extent of 50 per cent at concentrations of the order of 10-° to 10-* m. 
Although arsenite will combine with monomercaptans, such reactions occur 
at higher concentrations of the inhibitor. Indeed, evidence has been pre- 
sented that 8 X 10-° m arsenite produces 50 per cent inhibition of the 
Pseudomonas dehydrogenase, even though these preparations contain 
greater than a 200-fold molar excess of the monothiol, mercaptoethanol. 

Based on these observations, it is suggested that arsenite is inhibitory to 
aldehyde dehydrogenases by virtue of combining with closely linked SH 
groups which are necessary for enzyme activity. It has been pointed out 
(12) that the combination of arsenite with two SH groups in this manner 
requires the formation of a stable ring complex. With lipoic acid or with 
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BAL as the dimercaptan a 6- or 5-membered ring structure, respectively, 
containing arsenite is readily visualized. As lipoic acid does not appear 
to be associated with aldehyde dehydrogenase activity, it is suggested 
that the SH groups involved are in close proximity to each other by virtue 
of the coiling of the protein chain. 

The aldehyde dehydrogenases are not inhibited by arsenite in the absence 


of exogenous mercaptans. The role of the mercaptan would seem to be | 


the preliminary reduction of an enzyme disulfide bond before combination 
with arsenite. 

It is difficult to conceive of the inhibition by arsenite of each of the al- 
dehyde dehydrogenases tested as fortuitous. Glyceraldehyde-3-phosphate 
dehydrogenase is not sensitive to low arsenite concentrations, but both 
aldehyde oxidase (13) and xanthine oxidase (14) are readily inhibited. Al- 
though mechanisms for aldehyde oxidation involving the intermediate 
oxidation and reduction of two sulfhydryl groups may be drawn, evidence 
for such a reaction is lacking. However, no a priori reason exists which 
would limit reactions which employ such “dimercaptan” mechanisms to 





those involving lipoic acid. Examples of this type could include aldehyde | 


oxidation as well as other oxidations shown to be stimulated by dimercap- 
tans and inhibited by low concentrations of arsenite. 


Materials and Methods 


All enzyme fractionation procedures were carried out at approximately 
2°. Whenever spectrophotometric assays were used, a unit of enzyme 
activity is defined as the amount of enzyme that causes an optical density 
change at 340 mu of 1.0 per minute. In the case of the C. kluyveri aldehyde 
dehydrogenase units are in terms of micromoles of hydroxamic acid formed 
per hour. Specific activity is defined as units per mg. of protein. Refer- 
ence is made to an accompanying report (8) for sources and methods not 
specifically mentioned here. 

Aldehyde Dehydrogenases—Preparation of the enzyme from P. fluorescens 
has been described (8). The yeast-DPN enzyme, prepared as described 
by Black (15), was a gift from Dr. Black and had a specific activity of 6.2. 

Black’s preparation of yeast-DPN enzyme also contained some of the 
yeast-TPN enzyme. By subjecting these preparations to fractionation 
by a procedure outlined by Seegmiller (16), it was possible to obtain the 
yeast-TPN enzyme free from yeast-DPN activity. To 10 ml. of the Black 
preparation were added 3.24 gm. of ammonium sulfate, and the resultant 
precipitate was discarded. The supernatant fluid was brought to pH 3 
by the slow addition of 0.5 n H.SOx,, and the precipitate thus formed was 
collected by centrifugation. The precipitate was washed with 3 ml. d 
0.1 M acetate containing 5 gm. of ammonium sulfate per 100 ml. and the 
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enzyme was extracted with 6 ml. of Tris buffer at pH 7.3. Specific activ- 
ity of the yeast-TPN enzyme preparation was 1.7 with glycolaldehyde as 
substrate. 

The liver aldehyde dehydrogenase was prepared from an acetone powder 
of beef liver. Extracts were treated with ethanol as described by Racker 
for rat liver (17) and dialyzed for 2 hours against 50 volumes of distilled 
water at pH 6.0 containing 1 mg. of EDTA per ml. A precipitate which 
formed during dialysis was removed by centrifugation. The solution was 
adjusted to pH 7.4 and made 0.05 m with respect to Tris at that pH. Spe- 
cific activity of the liver preparation with acetaldehyde as substrate was 
0.15. 

The aldehyde dehydrogenase from C. kluyveri was extracted and purified 
to the stage of the first ammonium sulfate step described by Burton and 
Stadtman (9). Dried cells of the organism were a gift from Dr. E. R. 
Stadtman. 

The following enzymes were assayed spectrophotometrically by measur- 
ing the increased absorption at 340 mu due to the formation of DPNH. 
The components of the incubation mixture are in micromoles per ml. of 
P. fluorescens system: potassium phosphate at pH 7.1, 50; mercaptoethanol, 
5; DPN, 1.5; glycolaldehyde, 1. A preincubation period of 10 minutes is 
required before the addition of substrate (8). Yeast-DPN system: po- 
tassium phosphate at pH 7.1, 50; mercaptoethanol, 5; DPN, 1.5; glycol- 
aldehyde, 10. Yeast-TPN system: Tris at pH 7.3, 50; mercaptoethanol, 
5; MgCh, 5; glycolaldehyde, 5. Liver system: glycine at pH 9.0, 50; 
mercaptoethanol, 5; DPN, 1.5; acetaldehyde, 5. 

The C. kluyveri enzyme was assayed in the presence of excess phospho- 
transacetylase with the following additions, in micromoles per ml.: potas- 
sium phosphate at pH 8.4, 100; mercaptoethanol, 2; DPN, 1.5; CoA, 0.2; 
acetaldehyde, 20. After incubation for 20 minutes at 30°, the reaction 
was stopped by the addition of 2 ml. of 3 m hydroxylamine. Hydroxamic 
acid formation was estimated by the method of Lipmann and Tuttle (18). 

Other Enzymes—Preparations of lipoyl-X hydrolase from S. faecalis (10) 
and the lipoic acid-activating system from Escherichia coli (10) were a gift 
from Dr. L. J. Reed. In control experiments in which standard assay 
conditions were used (10), 50 y of the hydrolase completely inactivated 
E. coli holopyruvate-oxidizing enzyme which had oxidized 4 yumoles of 
pyruvate in 30 minutes. 0.5 mg. of the activating enzyme (10) in the 
presence of lipoate and ATP reactivated the apopyruvate oxidation system 
which was formed as described above, so that 2 umoles of pyruvate were 
oxidized in 30 minutes. 

Rabbit muscle glyceraldehyde-3-phosphate dehydrogenase (19), eight 
times recrystallized, was a gift from Dr. E. Racker. The enzyme was 
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treated with Norit A to remove DPN (20) before assay. Rabbit muscle 
aldolase, rabbit muscle lactic dehydrogenase, and yeast alcohol dehydro- 
genase were crystalline, commercial (Worthington Biochemical Corpora- 
tion) preparations. Phosphotransacetylase (21) was a gift from Dr, 
KE. R. Stadtman and Dr. 8S. Kinsky. 


Experiments on the participation of lipoic acid were carried out in the 
laboratory of Dr. L. J. Reed of the Department of Chemistry, University 
of Texas at Austin. It is a great pleasure to thank Dr. Reed and his col- 
leagues, Dr. M. Koike, Dr. F. Leach, and Dr. M. E. Levitch for their 
very generous cooperation. 


SUMMARY 


The sensitivity of a Pseudomonas aldehyde dehydrogenase to arsenite 
and the requirement of this enzyme for mercaptans, preferably dimer- 
captans, suggest the involvement of a dimercaptan in the mechanism of 
action of the enzyme. A survey of five aldehyde dehydrogenases from a 
variety of organisms revealed each of these enzymes to be inhibited by low 
arsenite concentrations. Lipoic acid could be removed from the Pseudo- 
monas enzyme system, yielding a preparation still active and arsenite 
sensitive. 

It is suggested that protein sulfhydryl groups in close juxtaposition par- 
ticipate in aldehyde oxidation. 
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A COLORIMETRIC METHOD FOR THE DETERMINATION 
OF CERTAIN PURINE ANTAGONISTS* 


By TI LI LOO ann MARVIN E. MICHAEL 


(From the Clinical Pharmacology and Experimental Therapeutics Service, National 
Cancer Institute, National Institutes of Health, Public Health Service, United 
States Department of Health, Education, and Welfare, Bethesda, Maryland) 


(Received for publication, December 5, 1957) 


The purine antagonists with which this paper is concerned are of interest 
in the chemotherapy of neoplastic diseases and belong to either of the two 
groups: the substituted purines such as 6-mercaptopurine (6MP) (1) and 
isomers of purines such as 4-aminopyrazolo(3 ,4-d)pyrimidine (4APP) (2). 
In connection with their pharmacological studies (3), it is essential to have 
a method available for their estimation in biological fluids. As far as the 
present authors are aware, such a method has not been described except 
perhaps for labeled 6MP (4). It is the purpose of this communication to 
describe a colorimetric method developed to meet this need, the principle 
of which consists in the reduction of the antagonist by zinc amalgam in 
dilute acid to a diazotizable amine which, after diazotization, couples with 
N-(1-naphthyl)ethylenediamine (5) to give an intensely colored azo dye. 


EXPERIMENTAL 

Reagents— 

Zinc amalgam. Dissolve 10 gm. of granular Zn in 20 ml. of Hg at 150°. 
The amalgam is re-usable until its density becomes higher than 13.5 gm. 
perml. Immediately after use, it is thoroughly washed, first with distilled 
water and then with acetone. 

Sodium nitrite. 0.2 per cent, freshly prepared every day. 

Ammonium sulfamate. 1 per cent. 

N-(1-Naphthyl)ethylenediamine (dihydrochloride). 0.2 per cent, freshly 
prepared daily and kept in an amber bottle. 

A solution of 100 gm. of trichloroacetic acid (TCA) in 1 liter of 6 N 
sulfuric acid. 


* Presented in part at the annual meeting of the American Society for Pharma- 
cology and Experimental Therapeutics, September 6, 1957. 

1TIn acid, 6MP shows a characteristic absorption peak at 327 mu. It is therefore 
conceivable to measure 6MP directly by spectrophotometric means. However, 
direct spectrophotometry is not always feasible because the deproteinized plasma is 
sometimes opaque to ultraviolet light. The direct spectrophotometric method is 


further limited in its application by the uncertainty involved in the recovery from 
urine. 
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A pparatus—“Low actinic” red glassware? and a bath, maintained at 
constant temperature, provided with shaking mechanism. 

Standards—Standard solutions of 6MP* and 4APP* can be conveniently 
prepared by dissolving a given amount of the base in 3 N H,SO,. It is | 
recommended to use daily fresh solutions. 

General Procedure—A 3 ml. sample containing up to 10 y per ml. of the 
antagonist in 3 N H,SO, is shaken in an Aminco-Dubnoff shaking incubator 
at about 100 cycles per minute in a red flask with 1 ml. of Zn amalgam 
(large excess) at room temperature (25°) (but see below under urinary | 
recovery) for 30 minutes. An aliquot of 2.0 ml. of the reduced solution is 
thoroughly mixed with 0.5 ml. of NaNO solution in a red test tube. After | 
3 minutes, 0.5 ml. of ammonium sulfamate solution is added and the 
mixture allowed to stand for an additional 10 minutes with occasional | 
shaking. Finally, 0.5 ml. of the N-(1-naphthyl)ethylenediamine solution | 
is added, and the color is permitted to develop for 10 minutes. The | 
intensity of the color (optical density) is measured at the wave length of | 
maximal absorption (e.g., 505 mu for 6MP and 520 my for 4APP) by means | 
of a Beckman DU spectrophotometer or any other suitable instrument 
against a blank prepared from 3 n H.SO, that has undergone the same 
course of reduction, diazotization, etc. 

Determination in Blood—To 3 ml. of plasma prepared from heparinized 
blood are added 3 ml. of the mixture of TCA and HSQ,, and the mixture 
is thoroughly mixed and centrifuged at about 2000 r.p.m. for 20 minutes. 
An aliquot of 3 ml. of the supernatant fluid is withdrawn and the antago- 
nist assayed as described above. A control blood sample is collected be- 
fore medication; the plasma separated therefrom is subjected to the same 
reduction, diazotization, etc., in order to furnish the required blank for 
the assay. 

Determination in Urine—The urine sample, 1.0 ml., is diluted with 5 ml. 
of 6 n H.SO, and sufficient water to make up to exactly 10.0 ml. An al:- 
quot of 3 ml. is taken for the assay against a blank prepared from a control 
urine sample collected before the administration of the drug. It should 
be pointed out that, for the determination of 6MP in urine, the reduction 
of standards and samples should all be carried out at 90° instead of at 
room temperature. In the case of 4APP, the urine must be extracted 
with an equal volume of ether before dilution and reduction (see below, 
under “Results and discussion’). 


2 Corning Glass Works, Corning, New York. Red glassware is recommended to 
eliminate the fading of the color. 

3Purinethol brand of 6MP, Burroughs Wellcome and Company, Tuckahoe, 
New York. 





44APP and related compounds synthesized by Dr. R. K. Robins and associates, 
New Mexico Highland University, Las Vegas, New Mexico. : 
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RESULTS AND DISCUSSION 


The procedure described above is a logical extension of a published 
colorimetric method for adenine’ (6). Both adenine and hypoxanthine 
are known to be reducible by zine dust in dilute acid to afford an amine® 
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Fic. 1. The colorimetric determination of 6-mercaptopurine. Reduction at 25° 
and at 90°. 





‘It has also been discovered that the purine antagonists are capable of exhibiting 
other color reactions. For example, in alkaline solution, 6-chloropurine, 6-mercapto- 
purine, and 6-methylmercaptopurine all couple with diazotized sulfanilic acid to 
give a purplish pink color. Further, 6-chloropurine, 9-methyl-6-chloropurine, and 
4-aminopyrazolo(3,4-d)pyrimidine react with nitrous acid in strong acidic medium 
to afford compounds couplable with N-(1-naphthyl)ethylenediamine. Unfortu- 
nately these color reactions are too insensitive to be of any practical interest. 

‘The mechanism of the reduction remains obscure. Friedman and Gots (7) iso- 
lated 4-amino-5-imidazolecarboxamide and a closely related non-acetylable amine 
from the reduction of hypoxanthine. Hamer, Waldron, and Woodhouse (8) believe 
that the reduction of adenine and hypoxanthine involves not only reduction but also 
ring cleavage and extensive degradation. In their studies on the hydrogenation of 
purine, Bendich et al. (9) concluded that the reduced product was probably a 4- 
aminoimidazole. 
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which, after diazotization, couples with N-(1-naphthyl)ethylenediamine, 
resulting in the formation of an azo dye. In the region of 5 to 40 y per ml, 
of adenine, a linear relationship has been reported (6) to exist between the 
intensity of the color and the concentration. Yet in the authors’ experi- 
ence with both 6MP and 4APP, the method in which zinc dust is used 
proves to be unsatisfactory because of low sensitivity and wide variability, 
But an increase of over 50 per cent in the color intensity accompanied by 
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Fig. 2. The colorimetric determination of 4-aminopyrazolo(3,4-d) pyrimidine 


a reduction in variability has been achieved by the utilization of zine 





amalgam in place of zine dust, analogous to the procedure advocated by | 


Kaselis et al. in their modified colorimetric assay of pteroylglutamic acid | 


(10). 

The effect of temperature at the reduction step on the results is marked 
and varies with the individual antagonist. The reduction of 6MP proceeds 
most favorably at room temperature; indeed, heating at 90° for 30 minutes 
caused a 30 per cent decrease in color intensity (Fig. 1). The case with 
4APP is just the reverse; for each 10° elevation, there is a 30 per cent in- 
crease in color intensity. 
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. TaBLeE I 
ine, 
nl. Azo Dyes Derived from Purines and Purine Antagonists 
the | Sample containing 10 7 per ml. in 3 N H2SO,, processed according to the general 
eri- —— 
“g Compound | Amax — 
l by : iia mu 
Adenine............ ey i nls aes ecco spas neta ech i Ae 505 0.90 
Adenosine...... 5 tateeciehaeaedhe mea tkemen 505 0.37 
a eich Aewh 06 ee EDE wee | 0.00 
| 6-Chloropurine. .... Fi tetoe au ebeaacsechhnn 505 0.43 
eee impsasbeduseeerhncsa wean 0.00 
| Hypoxanthine......... ioe pe bendiiesd 515 0.34 
Jsoguanine......... diay pbc cele ih wssiidviasain.cuhite ah 505 0.40 
2-Mercaptopurine................... 0 cee ee ee ences 505 0.16 
PIRSTORIUODUPING o.oo ova vi na cicceccess cess 505 0.84 
I * Se ee 505 | 0.20 
| 6-Methylmercaptopurine......................... 505 | 0.26 
ee cll 505 | 0.14 
9-Methyl-6- chloropurine . icintatnas ae marturaeweesseuliel 495 0.29 
Purine... Ve tan wa a Ginod he cntes iaaes 502 1.02 
Theobromine . ; ere ; 0.00 
Theophylline . Piss ; ere 0.00 
2,6,8-Trichloropurine os on 502 0.25 
Xanthine. ...... . eee ..| 510 | 0.30 
Uric acid. . ; rere | 0.00 
Py razolo(3, 4. d) )py rimidines 
4-Amino.......... Lthbae utente decks etlea wis Oe 520 0.89 
4-Mercapto......... ih de bode tienad 500 1.01 
4-Methylamino...... er rer ee eee 500 0.37 
4-Hydroxy . pbsinehs pai anancwnite’ 505 | 0.38 
4-Hydroxy-6-amino..........................1 0.00 
6-Hydroxy-4-amino. . | 495 0.31 
ee 0.00 
si Te a 485 0.49 
; 1-Methyl-4-ethylamino.......................| 485 0.15 
, 1-Methyl-4-dimethylamino..................| 485 0.23 
ZINC 1-Methyl-4-n-propylamino...................| 485 0.1% 
d by . 1-Methyl-4-n-butylamino...... 485 | 0.13 
acid | 1-Methyl-4(1’,1’,3’,3’-tetrs zmethylbutyl- | 
amino) . poe. Seahiteee eka 485 0.19 
, Pyrazolo(4, 3- d)py rimidines | 
arked 7-Hydroxy..... sich ends ane nia eal Ranta atl 495 0.02 
ceeds 7-Mercapto. ... Pia Oe Pere 553 | 0.60 
nutes 7-Hydroxy-3-methyl...... OS ED 545 0.15 
. with 7-Amino-3-methy]... cain an anes eo Gee 548 0.54 
nt in- 7-Hydrazino-3-methyl.................... 545 0.28 
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By means of the above procedure, good linearity is observed between 
the color intensity and the concentration for both 6MP and 4APP, as 
illustrated in Figs. 1 and 2, with the standard deviation shown at each 
concentration. 

TaBLeE II 
Recovery of 6MP and 4APP Added to Urine and Plasma 








Plasma Urine 
6MP added Recovery 6MP added Recovery 
- 7 “ie “| | oar emt ¥ per ml. pone i 
1.0 82 | 0.5 91 
1.0 | 82 0.5 97 
1.0 86 0.5 100 
1.0 86 | 1.0 88 
1.0 | 92 | 1.0 | 91 
10.0 | 86 | 1.0 | 92 
10.0 102 1.0 97 
10.0 102 1.0 99 
10.0 103 1.0 103 
4APP added 4APP added 
1.0 95 | 0.5 100 
1.0 100 0.5 101 
1.0 104 0.5 103 
4.0 99 | 1.0 83 
4.0 104 1.0 87 
| 6MP added 
4.0 106 1.0 89 
10.0 | 105 | 2.0 | 86 
10.0 107 2.0 87 
10.0 109 2.0 | 88 





The purines and purine antagonists found capable of producing this type 
of azo dye are listed in Table I,’ together with the respective Amex and the 
optical density at the Amax. It is entirely possible that more intense color 
could have been obtained with some of these compounds through mor 
extensive experimentation. Among those purines that exhibit a negative 
reaction, uric acid is especially noteworthy because it is an important con- 
stituent of urine. Besides uric acid, heparin, 5-hydroxyindoleacetic acid, 
inulin, TCA, and pentobarbital, some of which are frequently encountered 
in pharmacological work, are also without effect on the color reaction. 


7 Some pyrazolo(4,3-d)pyrimidines are also included in Table I. 
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On the other hand, sulfonamides, aromatic amines, and compounds reduci- 
ble to diazotizable amines would be expected to interfere. 
Because plasma normally contains certain material that gives a slight 


| pink color under similar conditions, corresponding to about 0.3 y per ml. 


of 6MP, it is desirable that a control blood sample be collected before the 
experiment in order to provide a blank for comparison. With this pre- 
caution, the determination of both 6MP and 4APP in plasma becomes 


| practical. By referring to Table II, it is clear that the plasma recovery 








| of these two antagonists seems satisfactory in the range of 1 to 10 y per 


ml., which is the plasma level usually achieved in man and dog after a 
dose of 5 to 25 mg. per kilo (38). 

Initially the urinary determination of the antagonists by the standard 
procedure was found to be inconsistent and erratic. In the urine, as in 
the plasma, there is certain unidentified material which, after the reaction 
sequence, shows a slight pink (Amax 541 my) color. The amount of this 
material is of the order of 0.5 y per ml., expressed as 6MP, and apparently 
does not vary substantially with the individual, or the diet, or from day 
today. The provision of a blank prepared from the urine of the same 
subject before the administration of the drug might have been expected 
to eliminate the error attributable to this source. Actually, however, 
even with a blank so prepared, no meaningful results were obtained. The 
difficulty was eventually circumvented, entirely empirically, by reducing 
the 6MP urine at 90° instead of at room temperature and by extracting 
the 4APP urine with ether before reduction (Table IT). 


SUMMARY 


Certain substituted purines and pyrazolo(3 ,4-d)pyrimidines are reduci- 
ble in acid by zinc amalgam. The reduced product, after diazotization, 
couples with N-(1-naphthyl)ethylenediamine to yield an intensely colored 
azo dye. Based on these reactions, a colorimetric method has been de- 
veloped for the determination of 6-mercaptopurine and 4-aminopyrazolo- 
(3,4-d)pyrimidine in blood and urine. The method could probably be 
extended to other purines and pyrazolo(3 , 4-d)pyrimidines. 


The authors wish to thank Dr. P. T. Condit and Dr. D. P. Rall for 


helpful suggestions, and Mr. R. J. Taylor for statistical examination of 
the data. 
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Previous studies have shown that L-ascorbic acid is extensively oxidized 
to respiratory CO» in rats (1, 2) and guinea pigs (3, 4). However, little 
information is available on the intermediates involved in the metabolism 
of the vitamin. In the present study experiments carried out with car- 
boxyl- and uniformly labeled L-ascorbie acid point to the presence in rat 
kidney of an active enzyme system for the decarboxylation of L-ascorbic 
acid.! 


EXPERIMENTAL 


Compounds—t-Ascorbic acid tracers, labeled with C™ specifically in 
carbon 1, carbon 6, and uniformly in all 6 carbon atoms, with specific 
activities of 0.12, 0.10, and 0.12 ue. per mg., respectively, were synthesized 
by published methods (7, 8). The preparation of dehydro-.-ascorbic 
acid-1-C and 2,3-diketo-t-gulonic acid-1-C“ has been described (2). 
Published methods were used for the synthesis of L-gulonolactone-1-C™ 
(9) and uniformly labeled 2-keto-t-gulonic acid (10); their specific ac- 
tivities were 0.20 and 0.12 ye. per mg., respectively. p-Glucuronolactone- 
6§-C™ (0.40 we. per mg.) was obtained from the National Bureau of Stand- 
ards, Washington, D. C. .-Xylosone was synthesized as described 
previously (7). 

Incubation Procedure—Homogenates of various tissues? were prepared 
at 5° with use of a Potter-Elvehjem glass homogenizer. Labeled L-as- 
corbic acid (0.35 to 0.45 mg.) was added to 5 ml. of a 20 per cent tissue 
homogenate in Krebs-Ringer phosphate buffer (pH 7.0) and the system 
was shaken for 1 hour at 37° under air. At the end of incubation, 5 ml. 


| of 10 per cent trichloroacetic acid were added and the precipitate was 


removed by centrifugation. The amounts of C™ present in the super- 
natant fluid as L-ascorbic acid, dehydroascorbic acid, diketogulonic acid, 
and oxalic acid were determined by carrier dilution procedures (3, 4). 
Other experiments were carried out under the same conditions, except 


1A preliminary report of this work has been presented (5, 6). 
*Male rats of the Wistar strain, weighing 250 to 300 gm., were used. 
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that the tissue homogenates were incubated in a sealed vessel with a center 

well containing 1 ml. of 30 per cent KOH. At the end of incubation, | 

ml. of 30 per cent trichloroacetic acid was added to the outside compart. 

ment and the evolved CO, was trapped in the KOH solution while the 

vessel was being shaken for an additional hour. The CO: was collected 

as BaCO; and plated for counting (4). The various fractions of rat 

kidney were prepared in isotonic sucrose by the method of Schneider and | 
Hogeboom (11), and were incubated with labeled L-ascorbic acid under 

the same conditions as employed for homogenates. 

Analytical Methods—.-Xylose and t-xylulose* were determined by the | 
orcinol (12) and the cysteine-carbazole (13) methods, respectively. L-Xylo- | 
sone was estimated by titration with indophenol dye after its conversion | 
to imino-L-ascorbic acid (7). 


Results | 


Decarboxylation of t-Ascorbic Acid—t-Ascorbic acid-1-C™ was incubated 
for 1 hour with homogenates of various rat tissues, and the amounts of ' 
C* recovered as COs, L-ascorbic acid, dehydroascorbic acid, and diketo. 
gulonic acid were measured (Table I). Marked differences exist in the 
metabolism of L-ascorbic acid in these tissues, kidney homogenates being 
the most active for oxidizing the carboxyl carbon of the vitamin to C0, 
The data also show that essentially all of the labeled L-ascorbic acid, added 
to kidney homogenates, disappeared during incubation. Considerable 
formation of labeled dehydroascorbic acid and diketogulonic acid occurred 
in kidney, liver, and small intestine homogenates. In the case of the 
kidney homogenate about 2.0 per cent of the added C™ was recovered as 
oxalate, a compound which is formed from L-ascorbic acid in vivo (2, 3). 

L-Ascorbic acid-1-C™ was incubated in kidney and liver homogenates of 
guinea pigs (Table II). The amounts of CO, formed in guinea pig 
kidney homogenates averaged only 6.0 per cent compared to an average 
of 56 per cent obtained in rat homogenates under the same conditions. 
Less radioactive CO, was also formed in homogenates of guinea pig liver 
than in those of rat liver. Two experiments with rabbit kidney homog- 
enates, carried out under the same conditions, gave values of 5.0 and 6.1 
per cent, respectively, for the amount of CO, recovered after incubation 
of the carboxyl-labeled vitamin. 

In order to determine whether carbons 2 to 6 of L-ascorbic acid also 
contributed to the formation of CO, in the rat kidney homogenate, com- 
parative experiments were carried out with uniformly and carboxyl 
labeled t-ascorbic acid (Table III). If CO, originated only from the 
carboxyl carbon, it would be expected that the amount of radioactive 


3 The authors are grateful to Dr. Gilbert Ashwell for a supply of L-xylulose. 
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CO, formed after incubation of uniformly labeled L-ascorbic acid would 
be about one-sixth that formed with the carboxyl-labeled vitamin. The 
results in Table III show that this was the case, indicating that L-ascorbic 
acid was decarboxylated in the rat kidney homogenate. L-Ascorbic acid- 
6-C* was also incubated under the same conditions in the rat kidney 


TaBLeE I 
Metabolism of t-Ascorbic Acid-1-C'* in Rat Tissue Homogenates 























Per cent added C™ found at end of incubation as 
Tissue - , 

COs Deliycroascorbic acid) Ascorbic acid 
ia tiarcnnsd beck piate waee ow see 64 17 1.5 
OR cree 53 18 2.2 
RT ig an oy am anleod died 50 25 3.7 
NN a te a nd See Sptinn uD com 30 52 16 
NRE apr aiilie ine x. wa ike tena wi 33 39 12 
Small intestine................. 4.9 21 44 
a “ pdt od alaacse ea ated 6.2 
eo ons ga wir eicin ew ia Bait 2.5 
ss oe hel 

TABLE II 


Metabolism of t-Ascorbic Acid-1-C in Guinea Pig Tissue Homogenates 





Per cent added C™ found at end of incubation as 











Tissue : : 
COs Dehydroascorbic acid) Ascorbic acid 
SR CEE cevcicioe ii 05m ie atmbbes 8.4 38 57 
a oe 3.5 18 75 
eS xeeelds i 6.1 
ee 7.1 32 66 
2 1.9 31 63 














homogenate system and less than 1.0 per cent of the added C™ was re- 
covered as COv. 

Properties of Rat Kidney Homogenate System—In Table IV are sum- 
marized some of the properties of the rat kidney homogenate system in 
respect to decarboxylation of L-ascorbic acid. The activity in the homog- 
enate, with L-ascorbic acid-1-C™ as the substrate, fell from 59 per cent 
to 2.1 per cent when the incubation vessel was preheated for 7 minutes 
ina boiling water bath. The activity was not lost upon dialysis for 24 
hours at 5° against Krebs-Ringer phosphate buffer (pH 7.0). No ap- 
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preciable C“O, was formed when the reaction was carried out anaerobj. 
sally or when an acetone powder preparation was used. The decarboxyla. 
tion activity was inhibited about 70 per cent by 8-hydroxyquinoline in q 
concentration of 10-4 m. 

The decarboxylation of various structurally related compounds was 
compared with that of L-ascorbic acid in the rat kidney homogenate system 
(Table V). It will be noted that these compounds were considerably 
less reactive in this system. 


TaB_e III 


C402 from Carboryl- and Uniformly Labeled t-Ascorbic Acid in 
Rat Kidney Homogenates 








Experiment No. | Labeled sites | Per cent substrate as C“Q, 
1 Carboxyl | 50 
Uniform 9.0 
2 Carboxyl 45 


Uniform 7.2 








TaBLeE IV 


Decarboxrylation of t-Ascorbic Acid-1-C™ by Rat Kidney Homogenate 








Per cent substrate as C“O,: 





| 
Homogenate. ... 59 
Buffer control... ‘ | 1.0 
I ek iad inal 2.1 
eee soeaual 63 
S-Hydroxyquinonne (10 Mf)... .. 2... ese cen ee cel 18 
RS eee Lio 4.1 
IN cla ca Yonnics coat has se SLR GR SR Gow al 1.6 








Studies were carried out to localize the decarboxylation activity within 
the rat kidney cell by comparing the amounts of CO, formed upon incuba- 
tion of L-ascorbic acid-1-C™“ with the homogenate, mitochondria, micro- 
somes, and the supernatant fraction (100,000 X g for 1 hour) (Table VI). 


The microsomes and mitochondria had little decarboxylation activity, | 


whereas the supernatant fraction possessed about one-half the activity o 
the homogenate. However, when the supernatant fraction was combined 
with either the microsomes or the mitochondria, essentially all of the 
original activity of the homogenate was restored. These results suggest 
that factors present, both in the soluble fraction and in the microsomes 
and the mitochondria, are required for optimal decarboxylation of L-as 
corbic acid by the rat kidney homogenate. 
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Tobi- Studies with Dehydroascorbic Acid-1-C™ and Diketogulonic Acid-1-C'*— 
xyla- The possible role of dehydroascorbie acid and diketogulonic acid as inter- 
»ina mediates in the decarboxylation of L-ascorbic acid by the rat kidney homog- 

enate was investigated. These compounds, labeled in their carboxyl 
Was carbon, were incubated with the rat kidney homogenate system and the 
ystem amounts of radioactive CO, formed at different times were determined 
rably 

TABLE V 
Decarboxylation of Various Compounds by Rat Kidney Homogenates 















































f 
‘ Compound Per cent substrate as C4O2 
— } ,-Ascorbie acid-1-C"4 en, Per ane eee | 50 
CHO, t-Gulonolactone-1-C"™. a 3.0 
° ° " | 
—~} 2-Keto-t-gulonic acid-C,!4 Pitnasinsledie Ge oa. cols en ae <1.0 
p-Glucuronolactone-6-C™. .. .. 0... cc eee  c ecw ee <1.0 
} 
TaBLe VI 
Capacity of Various Kidne y Fractions to Decarborylate t-Ascorbic Acid-1-C™ 
| Per cent substrate as C“O2 
Fraction* So 
— (Experiment 3| Experiment 4 ninadias 4 5 
Ms eueneiacm ai aries ioe | | 
ee RR oss iliiuendunnaedeceeseece ders 46 57 | 59 
ESE ES, SAR ERP Ae Se | Ae BEL Nie der | 5.6 
Microsomes ere | 1.3 4.2 | 6.0 
Supernatant fraction. ee | 20 23 | 25 
” + mitochondria.... | 42 
” * + microsomes....... 38 57 
o + mitochondria + micro- | 
aia ns ha GU irickch ald disse ea ares aiON a onee ee | 50 2 
| * An amount of each deectien was used wiciiaiinsidiiian to that present in 1 gm. of 
within wet weight of kidney. 
ncuba- 
micro-} (Fig. 1). The initial rate of decarboxylation of diketogulonic acid was 





le VI). | greater than for dehydroascorbic acid, which was, in turn, considerably 
tivity, | greater than for L-ascorbic acid, although the final values were about the 
vity of } same for each compound. For t-ascorbie acid, a 10 minute lag period 
nbined | was observed before any appreciable decarboxylation occurred, suggesting 
of the | that L-ascorbic acid had to be converted to dehydroascorbic acid before 
uggest | its decarboxylation in this system. 
ysomes | ~The conversion of L-ascorbic acid to dehydroascorbic acid in rat kidney 
f -as § homogenates was apparently catalyzed by factors present in the micro- 
} somes and mitochondria. For instance, when tL-ascorbic acid-1-C™ 
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was incubated for 30 minutes with either microsomes or mitochondria, 
about 35 per cent conversion of the substrate to labeled dehydroascorbic 


acid occurred. The ion exchange technique used in these experiments | 


made it possible to distinguish labeled dehydroascorbic acid from labeled 
L-ascorbic acid (4). 
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Fie. 1. Decarboxylation of L-ascorbie acid-1-C™, dehydroascorbie acid-1-C¥, 
and diketogulonic acid-1-C™ at various times in rat kidney homogenates. 
TaBLe VII 
Decarboxylation of Dehydro-t-Ascorbic Acid-1-C™ by Rat Kidney Supernatant Fraction 





Per cent substrate as C0); 





| 
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Supernatant fraction*....... feciceerieesesneceseen| 63 
_ _ dialysed . 69 
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. Ww hen 1 L-ascorbie acid- 1. C4 was s inewhs ated with this fraction, 20 per cent decar- 
boxylation occurred. 


Experiments were carried out which showed that carboxyl-labeled 
dehydroascorbic acid was decarboxylated appreciably upon incubation 
with the supernatant fraction (Table VII). The extent of decarboxylation 
was about 3-fold greater than that observed with L-ascorbie acid under 
the same conditions. The results showed that no loss in decarboxylation 


activity occurred after dialysis, but a marked drop in activity was observed 
when the preparation was preheated in a boiling water bath for 7 minutes. 
The results also showed that the decarboxylation of dehydroascorbic acid 
was inhibited by 8-hydroxyquinoline. 

Fate of Carbon Atoms 2 to 6 of t-Ascorbic Acid—In order to gain informa- 
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jria, tion on the fate of carbon atoms 2 through 6 of L-ascorbic acid, the fol- 
rbic lowing C' balance experiment was carried out: Uniformly labeled L-as- 
ents corbic acid was incubated in the rat kidney homogenate system and the 
elej | amount of evolved C“O, was measured. The trichloroacetic acid extract 
of the incubation mixture was passed through an Amberlite IR-4B column 
in the acetate form (4) and the adsorbed acidic material was eluted first 
with 2 N formic acid and then with 1 N HCl. The results showed that 6.2 
per cent of the added C™ was recovered in COs, 5.0 per cent in the effluent, 
50 per cent in the formic acid eluate, and 30 per cent in the HCl eluate. 
Evidence that the small amount of C“ in the effluent was present as de- 
hydroascorbic acid was obtained as follows: The effluent was treated 
with hydrogen sulfide under conditions for the quantitative reduction 
of dehydroascorbic acid to L-ascorbic acid (4). The resulting solution 
was again passed through the ion exchange column, when the effluent 
had no detectable C*. These results rule out the presence in the trichloro- 
acetic acid extract of labeled neutral compounds such as L-xylose or L-xylu- 
lose. Although considerable C was present in the formic acid eluate, 
less than one-fourth of the total radioactivity in this solution was recovered 
as L-ascorbic ‘acid by the carrier dilution technique (4). The remaining 
Cu, labeled material, equivalent to about 38 per cent of the C™ added to the 
incubation flask, has not yet been identified. The major portion of the 
C* in the HCl eluate can be accounted for as diketogulonic acid since 
control experiments have shown that this compound was eluted from 
ction } the ion exchange column by HCl but not by formic acid. 
5 CMO; Additional experiments were carried out to determine whether L-ascorbic 
acid was converted to pentoses in the rat kidney homogenate system. The 
results showed that no detectable L-xylose or xylulose was present in the 
trichloroacetic acid extract of the incubation mixture. In other experi- 
ments, in which diketogulonic acid was incubated with the rat kidney 
homogenate system, no detectable Lt-xylosone was found in the trichloro- 
—_— | acetic acid extract of the tissue. The possibility that these pentoses may 
lecar- | be formed during incubation, and then be further metabolized, was in- 
vestigated as follows: L-xylose, L-xylulose, and L-xylosone in amounts 
neled of 0.4 to 0.5 mg. were incubated in the rat kidney homogenate system under 
alien the identical conditions used in the experiments with labeled L-ascorbic 
thes acid; no significant disappearance of these compounds was observed. 
under 
ation ? : . . . 
aaa The results of this study point to an active system in rat kidney for 
ai the decarboxylation of t-ascorbic acid. The most likely intermediates 
aaa involved in this reaction are dehydroascorbic acid and diketogulonic 





DISCUSSION 





‘Preliminary experiments in which paper chromatography was employed show 
. | the presence of several labeled compounds in this fraction. 





XUM 
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acid. According to such a mechanism, L-ascorbic acid is first oxidized 
to dehydroascorbic acid by the microsomes and mitochondria. Debhy. 
droascorbic acid is then hydrolyzed to diketogulonic acid, which in tum 
undergoes decarboxylation; these reactions are catalyzed by an enzyme 
system in the soluble fraction of the kidney.’ Curtin and King (2) haye| 
obtained evidence in vivo which is in agreement with such a pathway of 
L-ascorbic acid metabolism in the rat, by finding that carboxyl-labeled 
dehydroascorbic acid and diketogulonic acid were oxidized to respiratory 
CO, at a more rapid rate than carboxyl-labeled L-ascorbic acid. 

From structural considerations, the most likely products of L-ascorbic 
acid decarboxylation would be L-xylose and L-xylulose. Recently, evidence 
has been presented for the formation of L-xylose in guinea pig liver slices 
(16). Other studies have shown that t-gulonic acid, a precursor of the 
vitamin in the rat (9), is decarboxylated by enzymes in rat kidney, forming 
L-xylulose (17). However, no evidence was obtained in the present study’ 
for the formation of either L-xylose or L-xylulose in the decarboxylation 
of L-ascorbic acid by rat kidney homogenates. On the other hand, results 
of experiments in which uniformly labeled L-ascorbic acid was employed 
showed appreciable formation of labeled acidic compounds, derived from 
carbon atoms 2 to 6 of the vitamin. Identification of these end products 
will be required for an understanding of the actual mechanisms involved 
in this decarboxylation reaction. 





SUMMARY 


The results of studies with carboxyl- and uniformly labeled L-ascorbic 
acid show that there is in rat kidney an active system which decarboxylates 
L-ascorbic acid. Fractionation studies show that factors present in both 
the soluble and particulate fractions are required for maximal activity. 
Evidence was presented suggesting that dehydroascorbic acid and diketo- | 
gulonic acid are intermediates in the decarboxylation of the vitamin in| 
rat kidney homogenates. Additional results were obtained which showed | 
no detectable formation of L-xylose, L-xylulose, or L-xylosone during the 
reaction. | 
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STEROIDS IN THE HUMAN OVARY* 


By JOSEF ZANDER 
(From the Universitats-Frauenklinik, Kéln-Lindenthal, Germany, and the Department of 
Biological Chemistry, University of Utah College of Medicine, 
Salt Lake City, Utah) 


(Received for publication, August 16, 1957) 


Most of our knowledge concerning steroid hormones in the human ovary 
is derived from biological assays. Chemical isolation and quantitative 
determination of compounds with progestational activity such as progester- 
one, A*-pregnen-20a-ol-3-one, and A*‘-pregnen-208-ol-3-one have been re- 
ported (1-3). In this paper the isolation and quantitative determination 
of additional steroids from human ovaries will be reported. 


EXPERIMENTAL 


The steroids were isolated from seven follicles obtained 1 to 2 days before 
ovulation, forty-one corpora lutea obtained during the menstrual cycle, 
and nineteen corpora lutea obtained during pregnancy. In most instances 
the individual corpora lutea were extracted, but in a few cases several were 
combined for extraction. 

The tissues were extracted with a mixture of ether-ethanol, 1:3, or with 
ethyl acetate. The steroids were separated from fat by precipitation of 
the fat in cold 70 per cent methanol and were removed in a high speed 
refrigerated centrifuge. The method used has been described in detail 
previously (4, 5). A further investigation of the fat precipitation with 
progesterone-4-C™ added to fatty tissue showed that 96 per cent of the 
progesterone was extracted in the 70 per cent methanol by this method. 

From the single or pooled extracts, the different compounds were isolated 
by the paper chromatographic systems of Bush and Zaffaroni. To observe 
the compounds on paper, ultraviolet fluorescence and ultraviolet photog- 
raphy were used. Quantitative determinations were made by measure- 
ment of ultraviolet absorption at 240 my. Preparation of different deriva- 
tives and paper chromatographic comparison with the derivatives of 
authentic substances have been used for identification. 

Fractionation of Extracts—Fig. 1 shows schematically the fractionation 


*This investigation was supported in part by the Deutsche Forschungsgemein- 
schaft and by grants (No. C-307 and No. CRTY-5000) from the National Institutes 
of Health, United States Public Health Service, Bethesda 14, Maryland. A prelimi- 
nary report of this study was presented by the author at the 39th meeting of the 
Endocrine Society at New York, May 30 to June 1, 1957. 
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of the compounds by paper chromatography. In the system 70 per cent 
methanol-n-hexane, the extracts could be separated into four different 
fractions with ultraviolet absorption (Fractions A, B, C, D). The mos 
polar fraction, A, had too little material for further study. l 

Fraction B was further separated in the heptane-benzene (1:1)-form. 
amide system (5 hours development) into four fractions (Fractions B1, B2, 
B3, B4). Fraction B1 had two distinct ultraviolet absorption maxima at | 
238 and 285 my. The molar extinction of the second peak was higher than | 
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Fig. 1. Paper chromatographic fractionation of ultraviolet-absorbing material in 
human corpora lutea and follicles. 














that of the first, and this was true even after further purification by 10| 
tube countercurrent distribution in the n-hexane-water system. The 
partition coefficient in this system was 0.3. Fraction B2 had the same R, 
value as 118-hydroxy-A‘-androstene-3 ,17-dione, but, because of the small 
amount, Fraction B3 was not investigated further. Fraction B4 had the 
Ry value of 17a-hydroxyprogesterone and testosterone in this system. It 
is possible to separate 17a-hydroxyprogesterone from testosterone in the 
heptane-formamide system (20 hours). Chromatography of Fraction B} 
in this system showed only the Ry value of 17a-hydroxyprogesterone 
(Fraction B4a). There was no evidence of a substance with the 
value of testosterone (empty field, Fig. 1). 
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Fraction C was separated in the heptane-formamide system (17 hours) 
into two fractions. ‘The Ry values were identical with A*-pregnen-20a-ol-3- 
one (Fraction Cl) and A*-pregnen-208-ol-3-one (Fraction C2). After 
acetylation, Fraction Cl showed two ultraviolet-absorbing spots in the 
heptane-formamide system (3.5 hours). Fraction Cla corresponded to A‘- 
androstene-3 , 17-dione and Fraction Clb to the acetate of A‘-pregnen-20a- 
ol-3-one. The R, value of Fraction D was identical with that of progester- 
one. Further separation of this fraction was not possible. 

Identification—V ive of the nine compounds isolated were identified, 
identification of Fraction D as progesterone and Fractions Clb and C2 as 
the two isomers of A‘-pregnen-20-ol-3-one having been reported earlier 
(1-3). In addition, Fractions B4a and Cla were identified as 17a-hydroxy- 
progesterone and A‘-androstene-3 , 17-dione, respectively. 

17a-H ydroxy progesterone—F raction B4a showed refractoriness to acetyla- 
tion with acetic anhydride in pyridine (1:2). 40 -y were reduced (6) with 
507 of a solution of 10 mg. of sodium borohydride in 10 ml. of cold methanol 
for 90 minutes at 0°. The ultraviolet fluorescence of the reduction product 
in the heptane-benzene (1:1)-formamide system (10 hours) showed the 


_ same Rr value as the reduction product (A*-pregnen-3-one-17a ,208-diol) of 


terial in 


authentic 17a-hydroxyprogesterone. (According to Oliveto and Hersh- 
berg (7), the NaBH, reduction of steroids with a 20-ketone group in addi- 
tion to the 17-hydroxy group yields mainly the 208-hydroxy stereoisomer.) 
Both substances could be acetylated and the acetates revealed identical 
Ry values. 30 y each of the free reduced compound of Fraction B4a and 
of authentic 17a-hydroxyprogesterone were oxidized (8) with 3 mg. of 
sodium bismuthate in 0.1 ml. of glacial acetic acid for 75 minutes at room 
temperature. The Ry values of the oxidation products were identical with 
the Ry value of A‘-androstene-3, 17-dione in the heptane-benzene (1:1)- 
formamide system. Both compounds showed a positive Zimmermann 
reaction and refractoriness to acetylation. After reduction with so- 


| dium borohydride (Norymberski and Woods), the reduction products 
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showed the R, values of authentic testosterone. 

A‘t-Androstene-3 , 17-dione—F raction Cla showed refractoriness to acetyl- 
ation. 25 y of this fraction were reduced with NaBH, under the same 
conditions as above. The reduction product showed an R, value identical 
with the reduction product of authentic A*-androstene-3 ,17-dione and with 
authentic testosterone in the heptane-benzene (1:1)-formamide system. 
The reduced compounds could be acetylated with acetic anhydride in 
pyridine (1:3). The acetates showed R, values identical with testosterone 
acetate. 

The more polar fractions, A, B1, B2, and B3, contained too little material 
to permit further identification. 

Quantitative Results—Table I shows the average concentration of the 
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fractions per gm. of tissue in order of decreasing polarity. The concen. 
trations of the unidentified substances were estimated from the amount of 
ultraviolet-absorbing material. 


| 

















TABLE I | 
Ultraviolet-Absorbing Material in Human Ovaries in Order of Decreasing Polarity | 
a Fraction jo Compound | Concentration 
+ 
my | ¥ per gm. tissue 
1 A 239 ? <0.5 
2 Bl 238, 285 ? <0.5 
3 B2 238 ? <0.5 
(Re value of 118-hydroxy- 
A‘-androstene-3, 17- 
dione) 
4 B3 240 ? <0.5 
5 B4 240 17a-Hydroxyprogesterone Be ies 
6 Cla 240 A‘-Androstene-3, 17-dione 0.6* 
7 Clb 240 Cabana 2.44 
8 C2 240 A‘-Pregnen-208-ol-3-one , 
9 D 240 Progesterone 15.5f | 











* These values have been determined from the ultraviolet absorption maxima of 
the combined material of the extracted follicles and corpora lutea. 

¢ This value has been calculated from twenty-nine single determinations in 
twenty-nine corpora lutea at different times of the corpus luteum phase. Concen- 
trations of the two isomers of A‘-pregnen-20-ol-3-one were not determined indi. | 
vidually. In some cases the ratio between the two isomers was variable. 

t This value has been calculated from twenty-nine single determinations in 
twenty-nine corpora lutea at different times of the corpus luteum phase. 


DISCUSSION 


The conversion in vitro of progesterone to 17a-hydroxyprogesterone, 
A‘-androstene-3,17-dione, and testosterone by rat, bovine, and human 
testicular tissue has been shown by Slaunwhite and Samuels (9), Lynn (10), 
Savard et al. (11), and Viscelli ef al. (12). Solomon, Vande Wiele, and 
Lieberman (13) demonstrated the synthesis in vitro of A*-androstene-3, 17- 
dione and 17a-hydroxyprogesterone from progesterone by ovarian tissue. 
Baggett et al. (14) and Wotiz et al. (15) showed that human ovarian tissue 
could effect the conversion in vitro of testosterone to estrone, estradiol, and 
estriol. Solomon et al. (13) postulated, therefore, the following scheme 
for biosynthesis in the ovary: cholesterol — A®*-pregnen-36-ol-20-one — 
progesterone — 17a-hydroxyprogesterone — A‘-androstene-3, 17-dione 
(testosterone) — estradiol. The occurrence and relative concentrations 
of progesterone, 17a-hydroxyprogesterone, and A‘-androstene-3 , 17-dione 
in human corpora lutea in vivo are in accord with this postulate. 
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In this study it was not possible to isolate testosterone from relatively 
large amounts of steroid-producing material, although in recovery experi- 
ments with testosterone 75 per cent of the added testosterone was isolated. 
We conclude, therefore, that if testosterone is present the concentration 
per gm. of tissue must be extremely low. The in vitro experiments of 
Meyer (16) have shown the formation of 19-hydroxy-A‘-androstene-3 , 17- 
dione from A*-androstene-3,17-dione by bovine adrenal homogenate 
preparations. Further in vitro experiments (17) have shown the formation 
of estrone from 19-hydroxy-A‘-androstene-3 , 17-dione by human placenta, 
bovine follicle fluid, ovaries, and adrenals. In view of the present findings, 
it is possible that in corpora lutea A*-androstene-3,17-dione is the main 
intermediate in estrogen biosynthesis and that there is no significant 
conversion to testosterone. 

Earlier reports, in which biological tests were used, of androgenic activity 
in ovaries (18, 19) may be explained by the occurrence of A‘-androstene- 
3,17-dione. Its presence does not necessarily mean that this substance 
is also secreted from this gland. The indirect evidence, however, for 
gonadal androgens, based on the excretion of androsterone and etiocholano- 
lone in human urine under different physiological conditions (20), could 
be explained by the secretion of small amounts of A‘-androstene-3 , 17-dione 
from the ovary. 

In addition, the findings demonstrate the possibility of synthesis of a 
small amount of more polar steroids in human ovaries. 


SUMMARY 


l7a-Hydroxyprogesterone and A‘-androstene-3,17-dione have been 
identified in extracts of seven human follicles, obtained 1 to 2 days before 
ovulation, forty-one corpora lutea obtained during the menstrual cycle, 
and nineteen corpora lutea obtained during pregnancy. In addition, there 
appeared four more polar unidentified compounds in very small amounts. 


The author is indebted to Dr. C. Kaufmann, Director of the Universitits- 
Frauenklinik in Cologne, Germany, for his support and interest in this 
investigation, without which this study could not have been made. Grate- 
ful thanks are also due to Dr. L. T. Samuels for his support and critical 
advice, and to Dr. Hans Carstensen for the countercurrent distribution of 
Fraction B1. We also wish to give thanks for the technical assistance of 
Mrs. Anne Marie von Miinstermann and Mrs. Rosemarie Eysell, Cologne. 
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STUDIES ON A LIPOIC ACID-ACTIVATING SYSTEM* 


By LESTER J. REED, FRANKLIN R. LEACH, ann MASAHIKO KOIKE 
(From the Clayton Foundation Biochemical Institute and the Department 
of Chemistry, The University of Texas, Austin, Tezas) 


(Received for publication, September 25, 1957) 


Evidence has accumulated (1-3) that lipoic acid, in a protein-bound 
form, is involved in the oxidative decarboxylation of a-keto acids repre- 
sented by Reaction 1. 


TPP 
RCOCO:H + HS—CoA! + ppn+ —TPP) 


> 


(1) 
RCO—S—CoA + CO, + DPNH + Ht 

The present investigation was undertaken to obtain information concern- 
ing the nature of protein-bound lipoic acid. Lipoic acid-deficient Strepto- 
coccus faecalis (strain 10C1) cells were employed, since these cells contain 
an apopyruvate dehydrogenation system which is “‘activated’”’ when lipoic 
acid is added to cell preparations (4). In preliminary communications 
(5, 6) we reported that extracts prepared from the deficient cells catalyzed 
a dismutation (7) (Reaction 5) of pyruvate or a-ketobutyrate provided 
that the extracts were preincubated with lipoic acid. 
(2) Pyruvate + DPN* + CoA = acetyl CoA + CO, 

+ DPNH + Ht (pyruvate dehydrogenation system) 
(3) Acetyl CoA + phosphate = acetyl phosphate 


+ CoA (phosphotransacetylase) 


4) Pyruvate + DPNH + Ht $& lactate + DPN?* (lactic dehydrogenase) 








(5) Sum, 2 pyruvate + phosphate = acetyl phosphate + CO. + lactate 


This paper describes the components and the nature of the reactions in- 


volved in “activation” of the apopyruvate dehydrogenation system by 
livoie acid. 


*Prepared in part from the doctoral dissertation of Franklin R. Leach, The 
University of Texas, 1957. 

1 The following abbreviations are used: adenosine triphosphate, ATP; adenosine 
diphosphate, ADP; adenosine 5’-phosphate, AMP; coenzyme A, CoA and CoA-SH; 
thiamine pyrophosphate, TPP; cytidine triphosphate, CTP; guanosine triphosphate, 
GTP; inosine triphosphate, ITP; uridine triphosphate, UTP; diphosphopyridine 
nucleotide, DPN; 2,3-dimercaptopropanol, BAL; ethylenediaminetetraacetic acid, 
EDTA; tris(hydroxymethyl)aminomethane, Tris; inorganic phosphate, P;; trichloro- 
acetic acid, TCA. 
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Materials and Methods 
dl-Lipoic acid, dl-dihydrolipoic acid, and dl-lipoic acid-S,*° were prepared 
as described previously (8, 9). CoA (75 per cent pure), ATP, ADP, 
AMP, DPN, CTP, GTP, and UTP were obtained from the Pabst Labora- 
tories, ITP from the Sigma Chemical Company, and BAL from the Cali- 


fornia Foundation for Biochemical Research. Protamine sulfate “id 


crystalline lactic dehydrogenase were obtained from the Nutritional Bio- 


chemicals Corporation, and crystalline trypsin and soy bean trypsin in- | 


hibitor from the Worthington Biochemical Corporation. Crystalline 
potassium pyruvate was prepared by the method of Korkes et al. (7), 
N ,N’-Dicyclohexylearbodiimide and a-ketobutyric acid were obtained from 
the Aldrich Chemical Company. TPP was generously supplied by the 
Research Corporation. Crystalline inorganic pyrophosphatase was kindly 
furnished by Dr. M. Kunitz and cultures of Clostridium kluyveri by Dr. 
H. A. Barker and Dr. E. R. Stadtman. A cell-free extract prepared from 
C. kluyveri cells (10) was used routinely as a source of phosphotransacetyl- 
ase. A partially purified preparation of phosphotransacetylase (specific 
activity 540 (11)) was employed in some experiments. Hydroxylamine 
low in salt content was prepared by the method of Berg (12). 

Aliquots (0.1 ml.) of radioactive samples were evaporated to dryness on 





stainless steel planchets and radioactivity was measured with a windowless 
flow counter. Protein was determined either turbidimetrically with tri- 
chloroacetic acid (13) or by the phenol method of Lowry et al. (14). Acyl 
phosphates and adenylates were determined by the hydroxamic acid | 
method of Lipmann and Tuttle (15). Citrate buffer was used instead of 
acetate buffer, particularly when substrate amounts of ATP were en- 
ployed, since the enzyme fractions from S. faecalis and Escherichia coli 
exhibited acetokinase activity (16). Inorganic phosphate was measured 
by the method of Fiske and Subbarow (17). 

Lipohydroxamic acid was synthesized from methyl dl-lipoate (18) and 
hydroxylamine according to the directions of Kornberg and Pricer (19) for 
the preparation of stearhydroxamic acid. Chromatography of lipohy- 
droxamic acid was carried out on Whatman No. 1 paper with water-satu- 
rated n-butanol and benzene-acetic acid-water (36:27:36) (20). The 
lipohydroxamic acid was detected by means of ferric chloride (21) and 
sodium cyanide-sodium nitroprusside (22) spray reagents. The Ry values 
of lipohydroxamic acid were 0.83 and 0.81, respectively, with the two sol- 
vent systems. Reaction mixtures were acidified to pH 1 with hydrochloric 
acid and extracted with two 1 ml. portions of chloroform. The combined 
chloroform extracts were washed successively with 1 ml. of 5 per cent 
aqueous sodium bicarbonate solution and 1 ml. of water, and then reduced 
in volume by means of a stream of nitrogen before chromatography. 

Synthesis of Lipoyl Adenylate—Lipoyl adenylate was prepared by 4 
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modification of the method of Avison (23) with lipoic anhydride and AMP 
in aqueous pyridine. Lipoic anhydride was prepared by reaction of lipoic 
acid with N ,N’-dicyclohexylearbodiimide (24). 

To an ice-cold solution of 288 mg. (1.4 mmoles) of dl-lipoic acid in 1.5 
ml. of acetonitrile was added dropwise, with stirring, a solution of 144 mg. 
(0.7 mmole) of N ,N’-dicyclohexylearbodiimide in 0.5 ml. of acetonitrile. 
The reaction mixture was stirred for 30 minutes at room temperature and 


| then filtered. The yellow filtrate contained 0.68 mmole of lipoic anhy- 


dride, as measured by the hydroxamic acid method (15). By evaporation 
of the solvent under reduced pressure, lipoic anhydride was obtained as a 
viscous yellow oil, which soon polymerized to a rubbery mass. The in- 
stability of the anhydride necessitated immediate conversion to the desired 
product. 

AMP -2H,0 (202 mg., 0.525 mmole) was dissolved in 5.25 ml. of 32 per 
cent aqueous pyridine. ‘The solution was cooled in an ice-salt bath and a 
solution of lipoic anhydride (0.68 mmole) in acetonitrile (2.5 ml.) was added 
with vigorous stirring during a period of 10 minutes. The mixture was 
stirred for an additional 50 minutes and then 5 mi. of ice-cold water were 
added. The mixture was extracted with two 10 ml. portions of cold perox- 
ide-free ether and then filtered. The filtrate was extracted in a centrifuge 
type separatory funnel with one 15 ml. and two 10 ml. portions of cold 
chloroform. During the last extraction an emulsion formed. The mixture 
was centrifuged, as much liquid as possible was removed, and the light 
yellow precipitate was collected on a sintered glass funnel. The precipi- 
tate was washed consecutively with two 5 ml. portions of ice-cold water, 
two 5 ml. portions of cold absolute ethanol, and two 5 ml. portions of cold 
absolute ether, and then dried in vacuo over calcium chloride. The yield 
of product was 111 mg. (39 per cent, based on the amount of AMP used). 

Lipoyl adenylate migrated as a single substance on paper, as determined 
by ultraviolet ‘‘quenching” and by means of spray reagents for organic 
phosphate (25), and disulfide (22) and anhydride linkages (21). The Rr 
values (at 25°) were 0.68 and 0.44, respectively, in isobutyric acid-concen- 
trated NH,OH-water (66:1:33) and isopropyl! alcohol-water (70:30) (26). 
The ultraviolet absorption spectrum of the synthetic material at pH 7 
showed maxima at 259 and 332 my. From the optical density at these 
wave lengths, and the extinction coefficients of 15.4 X 10° and 154 for 
AMP and lipoic acid, respectively, the synthetic material was calculated 
to contain 1.81 uwmoles of AMP and 1.80 uwmoles of lipoic acid per mg. 
The material contained 1.80 umoles of labile lipoyl groups per mg., meas- 
wed as lipohydroxamic acid. These values are in reasonable agreement 
with the theoretical value, 1.86 wmoles per mg. 

Caprylyl adenylate was obtained in 46 per cent yield as a colorless amor- 
phous solid by a similar procedure. The Ry values for caprylyl adenylate 
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were 0.77 and 0.54, respectively, with the two solvent systems. The ratio 
of total AMP to labile caprylyl groups was 1.05 to 1.00. 

Growth of Cells and Preparation of Cell-Free Extracts—Lipoic acid-de- 


ficient S. faecalis (strain 10C1) cells were obtained by a modification of the | 


procedure of Gunsalus et al. (27). Approximately 20 gm. (wet weight) | 


of cells were obtained from 10 liters of synthetic medium. Cell-free ex. | 


tracts were prepared as described previously (5). E. coli (Crookes strain) 


was grown and cell-free extracts were prepared essentially as described by | 


Hager (28). 

Assay of Lipoic Acid-Activating System—The assay procedure consisted 
of two steps. The first step involved ‘activation’ of the apopyruvate 
dehydrogenation system. The complete reaction mixture contained 0.005 
umole of dl-lipoic acid, 0.04 umole of TPP, 0.02 umole of ATP, 0.8 umole 
of MgSO,, 6 uwmoles of potassium phosphate buffer (pH 7.0), an excess (5 
units) of the apopyruvate dehydrogenation system (S. faecalis Fraction 
PP-1), and varying amounts of the lipoic acid-activating system, in a 
final volume of 0.25 ml. This mixture was preincubated for 1 hour at 
30°. In the second step the incubation mixture was assayed for pyruvate 
or a-ketobutyrate dehydrogenation activity by a modification of the dis- 
mutation assay described by Korkes et al. (7). To the preincubation mix- 
ture were added 100 uwmoles of potassium phosphate buffer (pH 7.0), 50 





umoles of potassium pyruvate or a-ketobutyrate, 0.1 umole of CoA, 0.23) 


umole of DPN, 6.4 umoles of L-cysteine, 12 units of phosphotransacetylase, 
and 2000 units of lactic dehydrogenase, in a final volume of 1 ml. The 
mixture was incubated for 30 minutes at 30° and then assayed for acetyl 


or propionyl phosphate.2 1 unit of lipoic acid-activating system corre. | 


sponds to the production of 1 umole of acetyl or propionyl phosphate in 


30 minutes by the “activated” apopyruvate dehydrogenation system. | 


The response was reasonably linear for 0.5 to 3.0 units. When an excess 
(5 units) of the lipoic acid-activating system was present in the preincv- 
bation mixture, the rate of the subsequent dismutation reaction was pro- 
portional to the amount of apopyruvate dehydrogenation system en- 
ployed. Unless specified otherwise, when either or both Mg** and TPP 
were omitted from the preincubation mixture, these substances were in- 
cluded in the dismutation assay system at levels of 4 wmoles and 0.2 umole, 
respectively. 


Results 


Effect of Preincubation of S. faecalis Extract with Lipoic Acid—Prelini- 
nary attempts to “activate” cell-free extracts of S. faecalis grown m™ 


2 Control experiments showed that hydrolysis of synthetic acetyl phosphate by 
the enzyme preparations used in these studies was negligible. 
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synthetic medium revealed that lipoic acid must be incubated with the 
extracts, before addition of substrate and supplements, to obtain a prep- 
aration which would catalyze a dismutation of pyruvate or a-ketobutyrate. 
It was observed that the extent of activation was dependent on the length 
of time the extract was in contact with lipoic acid (Fig. 1). Approximately 
30 minutes of preincubation were required for maximal activation. 

After the extract had been incubated with lipoic acid, it could be dialyzed 
with only slight loss of dismutation activity, suggesting that lipoic acid 
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Fic. 1. The effect of preincubation of cell-free extract with lipoic acid on a- 
ketobutyrate dismutation activity. The extract was incubated at 30° with 10 y per 
ml. of dl-lipoic acid. At the indicated time intervals 0.05 ml. aliquots (4 mg. of 
protein) were assayed for dismutation activity. 


was converted to an enzymatically active, protein-bound form during the 
incubation. That such was the case was indicated by experiments with 
$*-labeled lipoic acid reported previously (5). Aliquots of the cell-free 
extract were incubated with increasing amounts of radioactive lipoic acid 
and then dialyzed. Assay of the dialyzed preparations revealed a parallel 
increase in the amount of lipoic acid “bound” and the a-ketobutyrate dis- 
mutation activity. 

Divalent Metal Ion and Inorganic Phosphate Requirements in Preincuba- 
tion Mixture—Dialysis of the cell-free extract against EDTA in Tris buffer 
(pH 7.4), before incubation with lipoic acid, revealed that Mg++ and in- 
organic phosphate were required in the preincubation mixture. When 
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aliquots of this dialyzed extract were incubated with radioactive lipoic 
acid and increasing concentrations of either Mg** or inorganic phosphate 
(the other component was present at a constant concentration), a parallel 
increase in dismutation activity and the amount of lipoic acid “bound” 
was observed (Fig. 2). At a concentration of 2 umoles per ml. of dialyzed | 
extract, Mn++, Cot*, and Zn** were, respectively, 120, 97, and 91 per 


\ 























r T T T T Me T ' T : T 
% S e--—_ --® 8 
= | 
E e 41.00 
———_——— -O 
260+ ee ie os 
Ri i > 
a | 9 ig 40,75 
= Le) Q 
ed | § 
w 4r z 
& 1950 4 
& | < 
4 0 
& 20+ @ LIPOIC ACID BOUND 4025 9 
3 -e— © ENZYMATIC 3 
ACTIVITY J 
: f 
a 
°o nO Ome OO —. 1 \ 1 — n 1 A 1 1 n 
z 04 08 i240 10 20 30 
Mg” CONCENTRATION PHOSPHATE CONCENTRATION 
(p moles/ mi.) (p moles / mi.) 


Fic. 2. Lipoic acid binding and a-ketobutyrate dismutation activity as a function 
of magnesium ion and inorganic phosphate concentration. 15 ml. of extract were 
dialyzed for 48 hours against two 2 liter portions of 0.6 per cent EDTA in 0.02 m Tris 


buffer (pH 7.4), and for 24 hours against 0.02 m Tris buffer (pH 7.0). 1 ml. aliquots | 


were incubated at 30° for 1 hour with 10 y of radioactive dl-lipoic acid (3.9 X 10 
¢.p.m.) and, in A, 20 wmoles of potassium phosphate (pH 7.0) and varying amounts 
of MgS0O,; in B, 4 umoles of MgSO, and varying amounts of potassium phosphate 
(pH 7.0). The incubation mixtures were dialyzed for 16 hours against four 200 ml. 
portions of 0.02 m phosphate buffer (pH 7.0) (A) or 0.02 m Tris buffer (pH 7.0) (B). 
Approximately 3 and 4 mg. of protein, respectively, were assayed for radioactivity 
and dismutation activity. The results are based on 100 mg. of protein. 


cent as effective as Mgt+, whereas Cat+, Fe+*+, and Fet++ were inactive. 
It appears from data obtained subsequently (¢f. Table V), that the inor- 
ganic phosphate requirement is associated with an ATP-generating sys 
tem. 

Effect of Arsenite on Activation of S. faecalis Extract by Lipoic Acid—tt 
has been postulated (4, 29) that arsenite inhibits a-keto acid dehydrogena- 
tion systems by forming a stable cyclic thioarsenite with the dithiol form 
of protein-bound lipoic acid, and that BAL reverses this inhibition by form- 
ing a cyclic thioarsenite which is more stable than that produced with the 
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protein-bound dihydrolipoic acid. When arsenite was added either be- 
fore or after preincubation of the S. faecalis extract with lipoic acid, in- 
hibition of pyruvate dismutation was observed (Table I). This inhibition 
was prevented by adding BAL either before or after the incubation. The 
observation that inhibition by arsenite was prevented by adding BAL 
after the incubation indicates that arsenite did not inhibit the “binding” 
of lipoic acid, since lipoic acid must become attached to protein during the 
incubation to produce an active dismutation system. These results indi- 
eate further that the dithiol form of lipoic acid is not an intermediate in 
the binding of lipoic acid to protein. 


TABLE I 
Effect of Arsenite on Activation of S. faecalis Extract by Lipoic Acid 





Additions 





Acetyl phosphate formed 


Before preincubation After preincubation 





| pmoles 

| 2.6 
Arsenite 
“ce | 


0.8 
BAL 2.5 


Arsenite 0.8 


Arsenite + BAL 2.5 








Each mixture contained an extract (3.6 mg. of protein), 1 y of dl-lipoic acid, and 
2umoles of MgSO, in a total volume of 0.25 ml. The substances listed in the first 
column were present during a 1 hour preincubation period; those in the second column 
were then added and the mixtures were assayed for pyruvate dismutation activity. 
0.025 ymole of potassium arsenite and 0.05 umole of BAL were employed. Larger 
amounts of BAL (>0.1 umole) inhibited the dismutation reaction. 


Effect of TPP on Activation of S. faecalis Extract by Lipoic Acid—An 
extract which was partially dependent on TPP for dismutation activity 
was incubated with radioactive lipoic acid, Mg++, and increasing amounts 
of TPP. The incubation mixtures were dialyzed to remove free lipoic 
acid and then assayed for radioactivity and pyruvate dismutation activity 
(Table II). The amount of lipoic acid “bound” in the absence of TPP was 
essentially the same as the amount “bound” in the presence of TPP, 
whereas the dismutation activity was markedly increased in the presence 
of TPP. These data indicate that TPP does not affect the “binding” of 
lipoic acid. Additional experiments revealed that the dismutation ac- 
tivity was higher when TPP was included in the preincubation mixture 
than when added after the incubation. This difference is probably due to 
atime lag in the attachment of TPP to apoenzyme (30). 

Separation of Lipoic Acid-Activating System and Apopyruvate Dehydro- 
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genation System—By fractionation with protamine sulfate the S. faecalis 
extract was separated into two fractions, both of which had to be incubated 


TaBLeE II 
Effect of TPP on Activation of S. faecalis Extract by Lipoic Acid 











Amount of TPP added | Acetyl phosphate formed Lipoic acid bound 
pmole per ml. pmoles per 100 mg. protein | y per 100 mg. protein 
0.0 14 0.63 
0.001 | 35 | 0.69 
0.005 41 0.58 
0.01 41 0.67 
0.1 43 0.69 
No TPP or Mg*+ | 1 | 0.15 


The extract was obtained from cells grown on the synthetic medium in the ab- 
sence of thiamine. It was dialyzed with stirring for 28 hours against 100 volumes 
of 0.6 per cent EDTA in 0.02 m potassium phosphate buffer (pH 7.4), and then for 
an additional 12 hours against 0.02 m phosphate buffer (pH 7.0). 1 ml. aliquots 
(65 mg. of protein) were incubated at 30° for 1 hour with 5 y of radioactive lipoie 
acid (5.75 X 105 ¢.p.m.), 4 wumoles of MgSQO,, and varying amounts of TPP. The 
incubation mixtures were dialyzed with agitation for 10 hours against three changes 
of 0.02 M potassium phosphate buffer (pH 7.0). Approximately 1 and 4 mg. of pro- 
tein, respectively, were assayed for radioactivity and pyruvate dismutation ac- 
tivity. Neither TPP nor MgSO, was included in the dismutation assay system. 











TABLE III 
Pyruvate Dismutation with Protamine Sulfate Fractions 
Additions | 
Acetyl phosphate formed 
Before preincubation After preincubation | 
| | pumoles 
Fraction PP 0.1 
- a | Fraction PS | 0.1 
PS 0 
= “ | Fraction PP : 
Fractions PP + PS | 3.3 
- oF al.. 8 Lipoic acid* 0 





The mixtures were treated according to the two-step procedure described under 
‘“‘Materials and methods.’’ 370 y of Fraction PP and 900 y of Fraction PS were 
employed. 

*Lipoic acid was omitted from the preincubation mixture. 


simultaneously with lipoic acid to obtain an active pyruvate dismutation 
system (Table III). The fractionation was carried out at 4° as follows. 
The extract was diluted with 0.02 m potassium phosphate buffer (pH 6.0) 
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to a protein concentration of 20 mg. per ml. To the diluted extract were 
added stepwise, with stirring, 0.12, 0.02, 0.01, and 0.01 volumes of 2 per 
cent protamine sulfate solution (pH 5.0). After each addition of pro- 
tamine sulfate the mixture was centrifuged for 45 minutes at 54,000 x g 
in a Spinco preparative ultracentrifuge, and aliquots (0.1 and 0.2 ml.) of 
the supernatant fluid were assayed by the two-step procedure described 
under ‘‘Materials and methods.” If the supernatant fluid showed no loss 
in dismutation activity, the corresponding precipitate was discarded. Usu- 
ally the first two precipitates were discarded. A complete loss of dismu- 
tation activity usually resulted from the third and fourth additions of 
protamine sulfate. The corresponding precipitates were combined and 
suspended, by means of a glass homogenizer, in a volume of 1 m KCl equal 
to 0.1 the volume of the diluted extract. The suspension was centrifuged 
at 95,000 X g for 30 minutes and the insoluble material was discarded. 
The clear solution was designated Fraction PP. The supernatant fluid 
from the protamine sulfate fractionation was designated Fraction PS. 
Evidence as to the function of Fractions PP and PS was obtained, as 
reported previously (5), by crossing them with fractions prepared in a 
similar manner from an “activated” extract, i.e. one which had been pre- 
incubated with lipoic acid. The protamine precipitate fraction from the 
activated extract exhibited a-ketobutyrate dismutation activity, which 
was not affected by addition of the protamine supernatant fraction. How- 
ever, when the latter fraction was incubated with lipoic acid and the pro- 
tamine precipitate fraction from an unactivated extract, the mixture 
exhibited considerable a-ketobutyrate dismutation activity. When an ex- 
tract which had been “‘activated” by preincubation with radioactive lipoic 
acid was fractionated, it was found that ‘‘bound” lipoic acid concentrated 
in the protamine precipitate fraction (PP-1*) and that this fraction was 
active in the pyruvate dismutation assay (Table IV). The protamine 
supernatant fraction (PS-2*) was inactive in the dismutation assay, but 
did exhibit ability to ‘“‘activate” a protamine precipitate fraction (PP-1), 
provided that the two fractions were preincubated with lipoic acid and 
ATP. Thus, a preincubation mixture which contained Fraction PS-2* 
(250 y of protein), Fraction PP-1 (200 y of protein), 1 of lipoic acid, 0.02 
umole of ATP, 0.8 umole of MgSO,, and 0.04 umole of TPP produced 1.4 
umoles of acetyl phosphate in the dismutation assay. When lipoic acid 
was omitted from the preincubation mixture, no acetyl phosphate was 
produced. ‘These results indicated that Fraction PP, and the correspond- 
ing Fraction PP-1 described below, contained an apopyruvate dehydro- 
genation system, and suggested that Fraction PS, and the corresponding 
Fraction PS-2, was involved in “activation” of Fraction PP by lipoic 
acid; 7.¢., in “binding” of lipoic acid to the apopyruvate dehydrogenation 


WLM 
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system. Further support for this proposal was furnished by the observa- 
tion that Fraction PP-1 exhibited “carboxylase,” dihydrolipoic transacety. | 
lase, and dihydrolipoic dehydrogenase activities (2, 28), and by evidence, 


to be presented later, that Fraction PS-2 contained a lipoic acid-activat- 
ing system. 
ATP Requirement for Activation of Apopyruvate Dehydrogenation Sys. | 


tem—When Fraction PP was dialyzed, a precipitate appeared. The super. 
natant fluid exhibited little or no activity. The precipitate was soluble in 
1 m KCl, and the resulting solution was active, suggesting that the pre. 
cipitate was a protamine-protein complex. This difficulty in working with 
Fraction PP was overcome by fractionation with ammonium sulfate, 
Fraction PP was brought to 0.6 saturation by adding a saturated solution 


TaBLE IV 
Concentration of Protein-Bound Lipoic Acid in Protamine Precipitate Fraction 














Fraction | Lipoic acid bound Acetyl phosphate formed 

| ¥y per 100 mg. of protein pmoles per 100 mg. of protein 
a 0.8 71 
REE ere e re i 3.2 640 
ER OE Nee ret Rath Sern re’ 0.3 0 








7 
20 ml. of S. faecalis extract (75 mg. of protein per ml.) were incubated with 39 7 
of radioactive dl-lipoic acid (3.96 X 10° c.p.m.) for 1 hour at 30°. A 1 ml. aliquot of 





the incubation mixture was dialyzed with stirring for 8 hours against two changes | 


of 500 ml. each of 0.02 m potassium phosphate buffer (pH 7.0). The remainder of 


the incubation mixture was fractionated as described in the text. For radioactivity | 


measurement 0.5 to 1.0 mg. of protein was employed, and for pyruvate dismutation | 
activity, 0.22 to 2.1 mg. of protein. 


of ammonium sulfate slowly with mechanical stirring. The precipitate, 
designated Fraction PP-1, was collected by centrifugation, dissolved in 
0.02 m potassium phosphate buffer (pH 7.0), and then dialyzed for 4 hours 
with stirring against the same buffer. 

Fraction PS was brought to 0.6 saturation by addition of solid ammonium 
sulfate. The precipitate, designated Fraction PS-1, was subsequently 
found to contain an enzyme which released lipoic acid from the protein- 
bound form (31). The supernatant fluid from the ammonium sulfate 
treatment was brought to 1.0 saturation by addition of solid ammonium 
sulfate. The precipitate, designated Fraction PS-2, was treated in the 
same manner as Fraction PP-1. With some preparations of Fraction P§ 
a more effective separation was obtained by collecting Fractions PS-1 and 
PS-2 at 0 to 0.5 and 0.5 to 1.0 ammonium sulfate saturation, respectively. 

It was observed that fractionation of Fraction PS with ammonium sulfate 
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resulted in an appreciable loss of activity. Activity could be restored by 
adding boiled Fraction PS to the preincubation mixture. After a number 
of trials it was found that the boiled fraction could be replaced by a cata- 
lytic amount of ATP (Table V). The amount of ATP required for half 
maximal rate was approximately 5 X 10-*m. It was observed (Table V, 
last line) that inorganic phosphate was not required in the preincubation 
mixture when ATP was present. Presumably this requirement, which was 
observed with dialyzed cell-free extracts, was associated with an ATP- 
generating system. 

With most of the S. faecalis fractions which have been prepared, ATP 
could be replaced by ADP. These enzyme fractions, particularly Fraction 








TABLE V 
ATP Requirement for Activation of Apopyruvate Dehydrogenation System 
Preincubation mixtures Acetyl phosphate formed 
pmoles 7 
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The complete system contained Fraction PP-1 (200 y of protein), Fraction PS-2 
(450 y of protein), and the other components of the preincubation mixture specified 
under ‘Materials and methods.”’ 


* Fractions PP-1 and PS-2 were dialyzed for 14 hours with stirring against 2 
liters of 0.02 m Tris buffer (pH 7.0). 


P§-2, contained adenylate kinase (32). AMP replaced ATP with some 
of the preparations, but it was completely inactive with other preparations. 
Enzyme fractions which responded to AMP usually lost this property when 
stored in the deep freeze for several months. The basis of the AMP re- 
sponse has not been investigated. 

Preparation and Properties of Lipoic Acid-Activating System from E. 
coli—That the lipoic acid-activating system may have general significance 
was indicated by the finding that S. faecalis Fraction PS-2 could be replaced 
by an enzyme fraction (PS’-1) prepared from extracts of E. coli (Crookes 
strain) (Table VI). Both fractions exhibited requirements for lipoic acid 
and ATP to “activate” the apopyruvate dehydrogenation system from S. 
faecalis, i.e. Fraction PP-1. AMP did not exhibit activity with any of the 
preparations of EF. coli Fraction PS’-1. At a concentration of 0.01 ymole 
per 0.25 ml. of preincubation mixture, ADP was approximately as active as 
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ATP, and CTP, GTP, ITP, and UTP were, respectively, 40, 25, 15, and 50 
per cent as active as ATP. 

E. coli Fraction PS’-1 was obtained by the procedure described below, 
which also yielded a partially purified pyruvate dehydrogenation system, 
The activity of the latter system was determined by the dismutation assay 
described under ‘Materials and methods.” TPP (0.04 umole) and MgSO, 
(0.8 umole) were included in the assay system. To 400 ml. of FZ. coli ex- 
tract (pH 6.0) containing 20 mg. of protein per ml. (specific activity 1.9) 
were added slowly with stirring 36 ml. of a 2 per cent solution of protamine 
sulfate (pH 5.0). The mixture was centrifuged and the precipitate was 
discarded. To the supernatant fluid were added 4 ml. of protamine sul- 
fate solution. The precipitate was collected by centrifugation and sus- 


TaBLeE VI 
Interchangeability of Lipoic Acid-Activating Systems” from 8S. faecalis and E. coli 





| Acetyl sina formed 


Preincubation mixtures ee ea 








| System A System B 
7. oon = = "4 pmoles —_ pare a 
INR oe hie, cc sah eatin neces Sars pt 7 | 2.0 
PMI IEE cs 6 8 cw 2% Ser aes ee aa 0 0 
Ree... Brits Weld eridiea noice Oso 0.3 0.1 
si activating system... 20.00.00 0 0 





‘ach preincubation mixture contained S. faecalis Penstion PP-1 (225 y of protein} 
Sy at A contained S. faecalis Fraction PS-2 (450 y of protein). System B contained 
gel-treated E. coli Fraction PS’-1 (250 y of sare Other components and con- 
ditions as described under ‘‘Materials and methods.’’ 


pended, by means of a glass homogenizer, in 100 ml. of 0.1 m potassium 
phosphate buffer (pH 7.0). The suspension was centrifuged and the pre- 
cipitate discarded. The solution was dialyzed with stirring for 4 hour 
against 0.02 m potassium phosphate buffer (pH 7.0) and then centrifuged. 
The latter solution contained 90 per cent of the pyruvate dehydrogenation 
activity (273 mg. of protein, specific activity 50) of the initial extract. 
The protamine supernatant solution, which exhibited no activity in the 
pyruvate dismutation assay, was fractionated with solid ammonium sul- 
fate and the fraction which precipitated between 0.3 and 0.6 saturation 
was collected by centrifugation. The precipitate, designated Fraction 
PS’-1, was dissolved in 40 ml. of 0.02 m potassium phosphate buffer (pH 
7.0) and dialyzed with stirring for 4 hours against the same buffer. The 
dialyzed solution (49 ml.) contained 1225 mg. of protein, specific activity 
8. This fraction was purified somewhat (specific activity 17, 83 per cent 
recovery), by treatment at pH 6.3 with calcium phosphate gel (33) (10 
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mg., dry weight, per mg. of protein). After the mixture was stirred for 
15 minutes, the gel was removed by centrifugation and discarded. 
Formation of Lipohydroxamic Acid in Presence of Lipoic Acid-Activating 
System—The ATP requirement for “activation” of the apopyruvate dehy- 
drogenation system and the lack of inhibition of this process by arsenite 


suggested that lipoic acid was “activated” through its carboxyl group be- 


TaBLeE VII 


Formation of Lipohydroxamic Acid and Inorganic Phosphate in Presence 
pony g P 


of Lipoic Acid-Activating System 





| 




















System A System B 
Components | 7: | | ia | 

Inprvon- A | "i | a x a A fi | a 

| amate | amate | 

| mole | pmoles | | umole | | nite | 
Complete........... .| 1.00 aad 4 tame ot an 9 he 52 
No a acid 0.15 | 0.74 | 0.12 | 0.88 | 
« ATP.. | 0.10 0.04 | 0.02 | 0.06 | 
“ enzyme..... .| 0 | 0.04 | | 0 0.06 | 
Complete + KF. 0.60 | 0.50 | 0.88 | 0.08 
No lipoie acid...............| | | 0.10 | | 0.80 | 





The complete system cont ained 10 moles of potassium lipoate, 10 poles of 
Na,ATP, 5 umoles of MgCl2, 2500 wmoles of salt-free hydroxylamine (pH 7.2), 100 
umoles of Tris buffer (pH 7.4), 50 umoles of KF (where indicated), and enzyme, in a 
final volume of 1.1 ml. System A contained S. faecalis Fraction PS-2 (4.7 mg. of 
protein); System B contained gel-treated Z. coli Fraction PS’-1 (4.1 mg. of protein). 
Both enzyme preparations had been dialyzed against 0.02 m Tris buffer (pH 7.0) to 
remove inorganic phosphate. The reaction mixtures were incubated for 2 hours 
at 30°. The reaction was stopped by the addition of 0.2 ml. of acid (2 n TCA, 6.6 
N HCl), followed by the addition of 0.5 ml. of ferric chloride reagent (12). Inorganic 
phosphate was determined in a parallel experiment. The reaction was stopped by 
the addition of 0.5 ml. of 30 per cent perchloric acid, followed by 200 mg. of acid- 
washed Norit A. After 5 minutes shaking, the mixture was centrifuged and the 
residue was washed with a total of 2.2 ml. of water. The supernatant solution and 
washings were combined, neutralized, and recentrifuged. 


fore incorporation into the apopyruvate dehydrogenation system. If 
such were the case, it would be anticipated that under appropriate testing 
conditions ‘“‘active’” lipoate could be trapped as lipohydroxamic acid. It 
was found that incubation of S. faecalis Fraction PS-2 or E. coli Fraction 
P§’-1 with substrate amounts of lipoic acid and ATP and a high concen- 
tration of hydroxylamine (12) resulted in formation of lipohydroxamic acid 
and approximately 2 equivalents of inorganic phosphate (Table VII). 
Lipohydroxamic acid was identified by paper chromatography as described 
under “Materials and methods.” 
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That pyrophosphate was a product of the reaction is indicated by the ade 
data obtained when potassium fluoride was included in the incubation } of }j 
mixture (System B) to inhibit pyrophosphatase. When an aliquot (05 of ¢ 
ml.) of the charcoal supernatant fluid was heated for 10 minutes in the | pot 
presence of 1 N HCl or incubated with 10 y of crystalline pyrophosphatase, | Ss 
the expected amount of inorganic phosphate was produced. It has not | (om 
been possible yet to demonstrate rigorously that an equivalent amount of | fate 
AMP is formed in the reaction since the enzyme preparations contain’ We 
adenylate kinase. No lipohydroxamic acid was produced in the presence | (Fra 
of S. faecalis Fraction PP-1. mola 

Replacement of Lipoic Acid and ATP by Synthetic Lipoyl Adenylate— | lect 
The results of Berg (12) and other investigators (26, 34, 35) indicate that 
a variety of acids is “activated” through formation of acyl adenylates 


TaBLe VIII 
Replacement of Lipoic Acid and ATP by Synthetic Lipoyl Adenylate 





Acetyl phosphate formed —_ 














Additions = ——— 
| System A } System B Lip 
umoles umoles — 
Lipoic acid + ATP...................| Ly 2.0 ( 
Lipoyl adenylate... ...0--.--] 1.5 2.0 ( 
Lipoic acid + AMP................. 0.1 0.1 0 





Components and conditions as in Table VI and under “Materials and methods,” | 
except that 0.04 umole each of synthetic lipoyl adenylate, lipoic acid, and AMP was 
employed. 





Eac 
and ge 


The data presented in Table VIII show that synthetic lipoyl adenylate condit 


replaced lipoic acid and ATP in our system, and that the activity of the | 
preparation could not be attributed to formation of free lipoic acid and! 59 ,) 
AMP. Lipoyl adenylate did not replace the lipoic acid-activating system | aqdeq 
from either S. faecalis (Fraction PS-2) or E. coli (Fraction PS’-1). was ¢ 
In a system containing EZ. coli Fraction PS’-1 and S. faecalis F raction | broug] 
PP-1, the K,, values for dl-lipoic acid, ATP, and synthetic lipoyl adenylate obtain 
were found to be 2.5 X 10-® M, 5.7 X 10-* M, and 3.6 X 10-® M, respet- } ino pI 
tively. It appears that the actual K,, value for lipoyl adenylate is lower phosp! 
than that found, since it was observed that Fraction PS’-1 catalyzed 4} 4 hoy, 
hydrolysis of this substance. Prey 
There is additional evidence which suggests that lipoyl adenylate is a} sheng 
intermediate in the conversion of lipoic acid to the protein-bound form. } |gtter ¢ 
Synthetic caprylyl adenylate inhibited “activation” of the apopyruvate} Practi, 
dehydrogenation system (Table IX). On a molar basis, synthetic lipoyl withou 
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adenylate was approximately three to ten times as effective as a mixture 
of lipoic acid and ATP in preventing the inhibition. At the concentrations 
of caprylyl adenylate employed, mixtures of caprylic acid and AMP were 
not inhibitory. 

Separation of Lipoic Acid-Activating System from S. faecalis into Two 
Components—When Fraction PS-2 was fractionated with ammonium sul- 
fate at an alkaline pH, it was found to consist of two essential components. 
We have not yet been able to resolve the lipoic acid-activating system 
(Fraction PS’-1) from Z. coli. In a typical fractionation, 116 ml. of a 4 
molal solution of ammonium sulfate, adjusted to pH 8 (Beckman glass 
electrode) with concentrated NH,OH, were added slowly with stirring to 


TaBLe IX 


Caprylyl Adenylate Inhibition of Activation of 
Apopyruvate Dehydrogenation System 





Components, umole Inhibitor concentration, umole 





0 | 0.03 | 0.1 | 0.3 
Lipoic acid ATP Lipoyl adenylate 





Acetyl phosphate formed, umoles 





0.01 0.01 2.4 1.6 0.5 0.1 
0.03 0.03 2.5 2.3 2.0 1.0 
0.1 0.1 2.5 2.4 2.1 1.9 
0.01 1.8 2.0 1.9 ee 
0.03 2.3 2.1 1.8 1.8 
0.1 2.4 2.4 2.1 1.8 























Each preincubation mixture contained S. faecalis Fraction PP-1 (200 y of protein) 
and gel-treated Z. coli Fraction PS’-1 (140 y of protein). Other components and 
conditions as described under ‘‘Materials and methods.” 


50 ml. of Fraction PS-2. Then 17.4 gm. of solid ammonium sulfate were 
added slowly to the mixture. The precipitate, designated Fraction PS-2A, 
was collected by centrifugation, and the supernatant fluid was then 
brought to saturation with solid ammonium sulfate. The precipitate 
obtained by this latter treatment was designated Fraction PS-2B. The 
two precipitates were dissolved separately in 25 ml. of 0.02 m potassium 
phosphate buffer (pH 7.0) and the solutions were dialyzed with stirring for 
4hours against the same buffer. 

Preparations of Fraction PS-2B usually exhibited some activity in the 
absence of Fraction PS-2A, due presumably to contamination with the 
latter fraction. It was found that Fraction PS-2A was heat-labile, whereas 
Fraction PS-2B could be heated in boiling water for at least 10 minutes 
without significant loss of activity. In view of this finding, preparations 


XUM 
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of Fraction PS-2B were routinely heated for 5 to 10 minutes in boiling 
water. The denatured protein was removed by centrifugation and was 
discarded. 

Both Fractions PS-2A and PS-2B had to be incubated simultaneously 
with Fraction PP-1, lipoic acid, and ATP to obtain an active pyruvate 
dehydrogenation system (Table X). Although lipoyl adenylate replaced 
lipoic acid and ATP, it did not replace either Fraction PS-2A or Fraction 
PS-2B. 

Properties of Fractions PS-2A and PS-2B—Fraction PS-2A, but not 
Fraction PS-2B, formed lipohydroxamic acid when incubated with lipoie 


TABLE X 


Separation of S. faecalis Lipoic Acid-Activating System into Two C omponents 





Additions 
—_—__—— ———_—_—————|Acety] phosphate formed 
After preincubation 





Before preincubation 








pmoles 

Fraction PS-2A \Fraction PS-2B 0 

«  PS-2B | “  PS2A 0 
Fractions PS-2A + PS-2B | 12 i 

ks PS-2A + PS-2B + lipoyl | 

adenylate 1.6 : 
Fraction PS-2A + lipoyl adeny late F rs action PS-2B 0 

“ PS-2B+ “ | PS-2A | 0.1 





Each preincubation mixture contained S. faecalis Fraction PP-1 (356 y of protein), 
The amounts of the components listed were: Fraction PS-2A, 394 y of protein; Frae- 
tion PS-2B (heated), 90 y of protein; lipoyl adenylate, 0.1 umole. Other components 
and conditions as described under ‘‘Materials and methods.’’ In the last three ex- } 
periments, lipoic acid and ATP were omitted from the preincubation mixture. 


acid, ATP, and hydroxylamine. Thus, in the assay system in Table VII, 
Fraction PS-2A (1.35 mg. of protein) produced 0.5 umole of lipohydroxamie 
acid in 1 hour at 30°. In the absence of lipoic acid, 0.05 umole of hydror- 
amic acid was formed, and, in the absence of ATP, no hydroxamic acid ; 
was produced. A preliminary study of the substrate specificity of Frae- 
tion PS-2A revealed that hydroxamic acids were produced with substances 
other than lipoic acid. At 1 X 10-*M, the rates of hydroxamic acid form: 
tion with L-tryptophan, L-tyrosine, caprylate, caproate, butyrate, pro- | 
pionate, and acetate were, respectively, about 15, 144, 21, 0, 5, 106, and | 
390 per cent of that found with lipoic acid. It appears that Fraction | 
PS-2A contains a tyrosine-activating enzyme and acetokinase, in addition | 
to a lipoic acid-activating enzyme. 
It was observed that Fraction PS-2B was relatively stable to treatment | 
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with TCA. This finding was exploited to obtain a further purification of 
this fraction. 25 ml. of heated Fraction PS-2B (38 mg. of protein, specific 
activity 62) were adjusted to pH 2.0 with 1 n hydrochloric acid. The pre- 
cipitate was removed by centrifugation and discarded. To the solution 


TaBLe XI 
Inactivation of S. faecalis Fraction PS-2B by Trypsin 





Components Acetyl phosphate formed 


pumoles 


Fraction PS-2B. | 2.7 
Mixture A + inhibitor* Pou das a4 0.9 

“ __ eee : pete wve eee sdatiho wee: 2.4 / 
Fraction PS-2B + inhibitor*......................... 2.6 / 


A mixture (A) of heated Fraction PS-2B (4.4 mg. of protein) and trypsin (15 y) 
was incubated for 2 hours at 30°. A second mixture (B) containing Fraction PS-2B 
(1.5 mg. of protein), trypsin (5 y), and soy bean trypsin inhibitor (10 y) was treated 
inasimilar manner. Aliquots of each mixture, containing 290 7 of Fraction PS-2B, 
were assayed in the presence of Fraction PP-1 (450 y of protein) and Fraction PS-2A 
(390 y of protein) and by the two-step procedure described under ‘Materials and 
methods.”’ 


* Soy bean trypsin inhibitor (5 y) was added immediately before assay. 





TaBLeE XII 


Summary of Fractionation of S. faecalis Extract 





Fraction Volume 











| Protein Activity Recovery 
| 

ml. | mg. ow See per cent 

Diluted extract....... geet 500 10, 250 0.85* 100 
ee ee ee | 40 440 18.0 92 
BE a os wigs: Si wdonéssrieios seeeee es] 550 3,900 2.4 106 
ae ee 30 111 21.0 27t 
a8 is os a8 « a 63 227 18.5 49 
ME is A shac' swine niente 31 139 27.3 44 
ee 31 130 28.0 42 
PS-2B a 31 63 57.0 40 








* This value varied from 0.65 to 1.7 in different preparations. 
t The recovery in some instances was as high as 50 per cent. 


were added slowly with stirring 2.5 ml. of 50 per cent TCA. The precipi- 
tate was collected by centrifugation and suspended in 7.5 ml. of deionized 
water. The suspension was adjusted to pH 4.7 with 0.1 N potassium hy- 
droxide and then centrifuged. The supernatant fluid was dialyzed for 4 
hours with stirring against deionized water. The recovery of Fraction 
P8-2B activity was 34 per cent (8.4 mg. of protein, specific activity 96). 


WLM 
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Fraction PS-2B was partially inactivated by treatment with trypsin 





(Table XI). Soy bean trypsin inhibitor was employed to inactivate the 
trypsin after the latter was allowed to act on Fraction PS-2B. 


Enzymatic Activities of Purified Fractions—Most of the experimental | 


data reported in this paper was obtained concurrently with the develop. 
ment of a procedure for fractionating the S. faecalis extracts. A summary 
of a representative fractionation is presented in Table XII. Each frag. 
tion was assayed in the presence of an excess of the other essential fractions 
by the two-step procedure described under “Materials and methods,” 
The fractions usually could be stored in a deep freeze for at least several 
months without a significant loss of activity. However, the activity of 
certain preparations decreased during storage. Activity could be restored 
by including 1 umole of a thiol, e.g. cysteine, glutathione, or 2-mercapto- 
ethylamine, in the preincubation mixture. 


DISCUSSION 


Incorporation of lipoic acid into the S. faecalis apopyruvate dehydro. 
genation system (Fraction PP-1), to produce a pyruvate dehydrogenation 





system, required incubation of this fraction with lipoic acid, ATP, a d- 
valent metal ion, and two additional fractions obtained from the S. faecalis | 
extracts. The evidence presented indicates that lipoic acid is “activated” 
through an ATP-dependent reaction catalyzed by one of the fractions 
(PS-2A). Thus, in the presence of this fraction, hydroxylamine, and sub- 
strate amounts of lipoic acid and ATP, lipohydroxamic acid was produced. 
Activation of lipoic acid appears to involve formation of lipoyl adenylate, 
since a synthetic preparation of this substance replaced lipoic acid and ATP, 
and was more effective than a mixture of lipoic acid and ATP in preventing , 
inhibition by caprylyl adenylate. The observation that synthetic lipoyl 
adenylate did not replace either of the two fractions comprising the lipoic 
acid-activating system suggests that lipoyl adenylate functions as an en- 
zyme-bound complex. It appears that this complex undergoes a subse 
quent transformation, which involves Fraction PS-2B, before incorporation 
of the lipoyl moiety into the apopyruvate dehydrogenation system. This 
suggestion is based on the following observations: (1) Fraction PS-2B was 
required, in addition to Fraction PS-2A, lipoic acid, and ATP (or synthetic 
lipoyl adenylate), to convert the apopyruvate dehydrogenation system to 
a pyruvate dehydrogenation system; (2) Fraction PS-2B exhibited none of 
the enzymatic activities known to be associated with pyruvate dehydro 
genation or dismutation (2, 7). It is possible that Fraction PS-2B fune- 
tions as a carrier of the lipoyl moiety between a lipoyl adenylate-Fractio 
PS-2A complex and the apopyruvate dehydrogenation system. Although 
the observation that Fraction PS-2B is partially inactivated by incubation 
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with trypsin suggests that the active component is a protein, it is also 
possible that a protein-bound moiety is involved. 

Although the lipoic acid-activating system obtained from EZ. coli (Frac- 
tion PS’-1) has not been separated into two components, the observations 
that this fraction replaced S. faecalis Fractions PS-2A and PS-2B and cata- 
lyzed the formation of lipohydroxamic acid suggest that both lipoic acid- 
activating systems function in a similar manner. 

In view of the observation that arsenite did not inhibit incorporation of 
lipoic acid into the apopyruvate dehydrogenation system and the evidence 
that the carboxyl group of lipoic acid is activated before incorporation of 
this substance, it appears that lipoic acid is “bound” in covalent linkage 
through its carboxyl group, i.e. as “lipoyl enzyme.” The nature of the 
group, as well as the enzyme to which the lipoyl moiety is attached, is not 
yet known. Reed and DeBusk (36) proposed previously that the lipoyl 
moiety is attached to TPP through an amide linkage. This proposal is not 
supported by the present finding that TPP is not required for incorpora- 
tion of radioactive lipoic acid into the S. faecalis apopyruvate dehydro- 
genation system. The results reported previously are being reexamined 
in the light of our present findings. 


SUMMARY 


1. Cell-free extracts of lipoic acid-deficient Streptococcus faecalis have 
been obtained which catalyzed a dismutation of pyruvate or a-ketobu- 
tyrate, provided that the extracts were preincubated with lipoic acid. 
During the preincubation lipoic acid was converted to a protein-bound 
form. A divalent metal ion and inorganic phosphate were required for 
“binding” of lipoic acid and for enzymatic activity. 

2. The crude extract was separated into two enzyme fractions, one of 
which contained an apopyruvate dehydrogenation system, and the other, 
a lipoic acid-activating system. Both enzyme fractions had to be incu- 
bated simultaneously with lipoic acid and adenosine triphosphate (ATP) 
to obtain an active pyruvate dehydrogenation system. 

3. An enzyme fraction obtained from Escherichia coli was interchange- 
able with the lipoic acid-activating system obtained from S. faecalis. 
Both enzyme fractions produced lipohydroxamate and 2 equivalents of 
inorganic phosphate when incubated with lipoic acid, ATP, and hydroxyl- 
amine. Evidence is presented that pyrophosphate was produced initially 
in the reaction and then hydrolyzed by inorganic pyrophosphatase. 

4. Lipoyl adenylate has been synthesized and shown to replace lipoic 
acid and ATP in “activating” the apopyruvate dehydrogenation system. 

5. The lipoic acid-activating system from S. faecalis has been separated 
into two essential components. The formation of lipohydroxamate was 
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associated with one of the components. Neither of the two components 
was replaceable by synthetic lipoyl adenylate. 


—_ 


a. 
18. 
19. 
20. 
21. 
22. 
23. 
24. 
25. 
26. 
27. 
28. 
29. 
30. 


31. 
33. 
34. 


35. 


36. 
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Foun.| Studies on the activation of an apopyruvate dehydrogenation system 
obtained from extracts of lipoic acid-deficient Streptococcus faecalis cells 
Chem., | indicated that in its functional form lipoic acid is bound to protein in 
covalent linkage through its carboxyl group, 7.e. as “‘lipoyl enzyme” (1). 
Further support for this proposal is furnished by the present finding that 
a partially purified enzyme, “‘lipoyl-X hydrolase,” obtained from S. 
ology, | faecalis extracts, liberated lipoic acid from the protein-bound form present 
in the Escherichia colt (Crookes strain) pyruvate dehydrogenation system, 
thereby inactivating the latter system. Reactivation required the same 
a components and conditions as were found necessary to activate the S. 
| faecalis apopyruvate dehydrogenation system. A preliminary commu- 
nication of this work has been reported elsewhere (2). 
Chem, The availability of a method of releasing lipoic acid from the protein- 
bound form and of reactivating the apoenzyme has enabled us to study 
the mechanism of certain enzymatic reactions which have been carried 
out with free lipoic acid or structurally related compounds. Gunsalus 
and his collaborators reported (3-6) that F. coli Fraction A, in the pres- 
ence of CoA! and phosphotransacetylase, catalyzed Reactions 1 and 2, and 
that Fraction B, in the presence of DPN and lactic dehydrogenase, cat- 
alyzed Reaction 3. 





(1956). 


" () CH,COCO:H + Lips, + HPO. —©2_, cH,cooPo,- + Lip(SH): + CO: 
ia (CoA) 
952). | 2) CH,;COOPO,- + Lip(SH), <————. CH,CO—S—Lip—SH + HPO," 
(DPN) 
(3) Lip(SH). + pyruvate —<——————~ LipS&, + lactate 





38, 327 ‘ 

The mechanism of Reaction 1 is uncertain. It has been established (3, 
oc., 16, | 6) that Reaction 2 involves a coupling of Reactions 4 and 5 and that Re- 
action 3 involves a coupling of Reactions 6 and 7. 


(1938). 'The following abbreviations are used: adenosine triphosphate, ATP; coenzyme 
A, CoA and CoA-SH; thiamine pyrophosphate, TPP; diphosphopyridine nucleotide, 


42, 325 | DPN; lipoic acid, lipS.; dihydrolipoie acid, lip(SH)>. 
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(4) CH;COOPO," + HS—CoA = CH;CO—S—CoA dl-N 
+ HPO, (phosphotransacetylase) max 

(5) CH;CO—S—CoA + Lip(SH): = CH;CO—S—Lip—SH 

+ HS—CoA (dihydrolipoic transacetylase) 
(6) Lip(SH).+ DPN*t = LipS,. + DPNH + H? (dihydrolipoic dehydrogenase) | d-Li 
(7) DPNH + Ht + pyruvate @ DPN* + lactate (lactic dehydrogenase) m.p. 
Reaction 6, with free lipoic acid or lipoamide as substrate, is catalyzed | = 
also by a purified mammalian a-ketoglutarate dehydrogenation complex 
(7). 

E. coli Fraction A plus Fraction B catalyze Reaction 8 (3), and the dl. 
a-ketoglutarate dehydrogenation complex catalyzes a similar reaction with * 
a-ketoglutarate as substrate (8). rnd 
(8) CH,COCO.H + HS—CoA + DPN+ > CH,CO—S—CoA + CO: + DPNH +H | stanc 
Since Fraction A and the a-ketoglutarate dehydrogenation complex con- pods 
tain protein-bound lipoic acid (5, 9), which presumably functions cat- for 2 
alytically in Reaction 8, it has not been possible to decide whether the faa 
reactions which occur with free lipoic acid, dihydrolipoic acid, or the bites 
corresponding amides involve (a) exchange between free and protein-bound ite 
lipoic acid; (b) coupling between free and protein-bound lipoic acid; o ello 
(c) reaction of the appropriate enzyme with free material. A basis for y 
deciding which of these mechanisms is applicable to Reactions 1, 5, and 6 
is provided in the present communication. 

Materials and Methods 
. ‘ ; . , ' carbc 

Pertinent information concerning preparation of enzyme fractions, 1.03 

source of materials, and assay procedures has been provided in an ac la : 

, ee ; . ylam 
companying communication (1). Methyl dl-lipoate and methyl dl | die | 
hydrolipoate were prepared as described by Gunsalus ef al. (10). dl-7,,9- | in 2) 
Dithiolnonanoic acid was prepared by sodium borohydride reduction (10) | ba 
of dl-1,2-dithiolane-3-caproic acid (11). The product was a colorles | and j 
liquid; iodine equivalents, 110 (calculated, 111). proxi 

Synthesis of Lipoamides—dl-Lipoamide, dl-N ,N-diethyllipoamide, and ! temp 
dl-lipoanilide were synthesized? in 12 to 16 per cent yield from dl-lipoi es 
acid, through dl-lipoyl chloride, by a method similar to that reported by eae 
Wagner et al. (12) for the preparation of dl-lipoamide. dl-Lipoamide was pan 
obtained as yellow crystals from benzene-Skellysolve B (n-hexane); mp. hydr 
129-130° (uncorrected) ; Amax®® Pe @"t ethanol 339 my (e 143). solid 

CsHisNOS, (205.33). Calculated. C 46.79, H 7.36, N 6.82 mng. ( 
Found. “ 47.07, “ 7.08, “ 6.47 Pt 
2 Thomas, R. C., and Reed, L. J., unpublished results. 130-1 
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dl-N ,N-Diethyllipoamide was obtained as a yellow oil; n> 1.5347°; 
Neax®? POF cont ethanol 332 my (e 143). 


C\2H2s:NOS.2 (261.44). Calculated. C 55.13, H 8.87, N 5.36 
Found. “* 54.86, “* 8.68, ‘* 5.09 


di-Lipoanilide was obtained as yellow crystals from benzene-Skellysolve B; 
m.p. 72-73° (uncorrected). The ultraviolet absorption spectrum of this 
compound exhibited a plateau in the 290 to 330 my region. 


CisHisNOS, (281.43). Calculated. C 59.75, H 6.81, N 4.98 
Found. “ 60.15, “ 6.93, “ 4.84 


dl-p-Carbethoxylipoanilide was prepared from dl-lipoic acid via dl-lipoic 
anhydride (1). To a stirred solution of 1.0 gm. of dl-lipoic acid in 5 ml. 
of benzene was added 0.5 gm. of N ,N’-dicyclohexylcarbodiimide. After 
standing at room temperature for 1 hour, the mixture was filtered, and to 
the filtrate was added 0.825 gm. of ethyl p-aminobenzoate. The solution 
was allowed to stand overnight at room temperature and then was heated 
for 2 hours at 55-65°. The reaction mixture was washed successively with 
1n HCl, water, 5 per cent NaHCOs,, and finally with water. The organic 
layer was dried and then evaporated in vacuo. The residue was crys- 
tallized from benzene-Skellysolve B to yield 781 mg. (45 per cent) of 
yellow crystals; m.p. 83-84° (uncorrected); Amax”” 332 my (¢€ 150). 


CyH2;NO;S, (353.49). Calculated. C 57.76, H 6.56, N 3.96 
Found. “ 58.25, * 6.78, “ 4.50 


An improved synthesis of dl-lipoamide was devised, based on the mixed 
carbonic-carboxylic anhydride method (13). To a stirred solution of 
1.03 gm. (5 mmoles) of dl-lipoic acid and 0.51 gm. (5 mmoles) of trieth- 
ylamine in 10 ml. of tetrahydrofuran at —5° was added dropwise a solu- 
tion of 0.68 gm. (5 mmoles) of isobutyl chloroformate (Eastman Kodak) 
in2 ml. of tetrahydrofuran. After 10 minutes at this temperature, 10 ml. 
of cold tetrahydrofuran saturated with anhydrous ammonia were added, 
and anhydrous ammonia was bubbled into the reaction mixture for ap- 
proximately 10 minutes. The mixture was allowed to warm to room 


+ temperature and then the solvent was removed in vacuo. The residue 


was extracted with a total of 30 ml. of warm chloroform. The extract 
was washed successively with 10 ml. portions of 1 n HCl, water, 5 per 
cent KHCOs;, and finally water. The organic layer was dried over an- 
hydrous sodium sulfate and the solvent was removed in vacuo. The yellow 
solid was recrystallized from 4.5 ml. of 95 per cent ethanol to yield 822 
mg. (82 per cent) of yellow plates; m.p. 130-131° (uncorrected). A mix- 
ture of the product and an authentic sample of dl-lipoamide melted at 
130-131° (uncorrected). 
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dl-Dihydrolipoamide was prepared by reduction of dl-lipoamide with 
sodium borohydride. A suspension of 200 mg. of dl-lipoamide in 4 nl, 
of methanol and 1 ml. of water was cooled to 0° and stirred while a cold 


solution of 200 mg. of sodium borohydride in 1 ml. of water was added, | 


The reaction mixture was stirred until it became clear and colorless (ap. 
proximately 45 minutes). The solution was acidified with dilute hydro. 
chloric acid and extracted with chloroform. The chloroform extract was 
dried and evaporated in vacuo. The residue was crystallized from benzene. | 
Skellysolve B (2.5:1) to yield 172 mg. (83 per cent) of white plates; mp, | 
66-67° (uncorrected) ; iodine equivalents, 102.4 (calculated 103.7). 


CsHyNOS8, (207.36). Calculated. C 46.34, H 8.27, N 6.76 
Found. “46.81, “ 8.22, “ 7.24 


Assay Procedures 


p-Carbethoxylipoanilide-H ydrolyzing Enzyme—The reaction mixture con- 
tained 40 y of p-carbethoxylipoanilide, enzyme, and 0.02 m potassium 
phosphate buffer (pH 7.0) in a total volume of 1.0 ml. After 1 hour at 
30° the reaction was stopped by the addition of 1 ml. of 15 per cent tr- 
chloroacetic acid. The mixture was diluted to 5 ml., centrifuged, and 
diazotizable amine was determined by the Bratton-Marshall procedure 
(14). 1 unit corresponds to the production of 1 y of ethyl p-aminobenzoate } 
per hour. The response was linear for 1 to 6 units. 

Lipoyl-X Hydrolase—The reaction mixture contained 4 units of L. coli 
pyruvate dehydrogenation system (1) (specific activity 40 to 50), enzyme, 
and 0.02 m potassium phosphate buffer (pH 7.0) in a total volume of 0.25 
ml. The mixture was incubated for 1 hour at 30° and then assayed for 
pyruvate dismutation activity as described previously (1). 1 unit of 
lipoyl-X hydrolase is defined as that amount of enzyme which produced a 
loss of 1 unit of pyruvate dismutation activity under these conditions. The 
response was reasonably linear for 0.5 to 3.5 units. Pyruvate dismutation 
activity is expressed as micromoles of acetyl phosphate produced in 30 
minutes, unless specified otherwise. 

The assay system for Reaction 1 was essentially the same as that de- 





scribed by Chin and Gunsalus (4, 5). Dihydrolipoic transacetylase and | 


dihydrolipoic dehydrogenase activities were determined according to the 
procedures of Hager and Gunsalus (15, 3). Acetyl phosphate and thio 
ester were determined by the hydroxamic acid procedure of Lipmann and 
Tuttle (16), and sulfhydryl by the method of Boyer (17) or Hager (15). 


Results 


Activity of Lipoamides with Enzyme Preparations from S. faecalis—During 





the course of studies with cell-free extracts of lipoic acid-deficient S. faecalis, 
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several amides of lipoic acid were synthesized for testing as antagonists of 
lipoic acid. These derivatives did not inhibit “activation” of the cell-free 
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Fic. 1. Activation of cell-free S. faecalis extract by amides of lipoic acid. The 
reaction mixtures contained extract (4.3 mg. of protein), 0.8 wmole of MgSQ,, 0.04 
umole of TPP, 4 umoles of potassium phosphate buffer (pH 7.0), and varying amounts 
of lipoic acid, O, lipoamide, @, lipoanilide, A, or N,N-diethyllipoamide, A, in a 
final volume of 0.2 ml. The mixtures were incubated for 1 hour at 30° and then 
assayed for pyruvate dismutation activity. 


TABLE I 


Activity of Amides with S. faecalis Enzyme Fractions 











Compound Preincubation mixture | Acetyl phosphate formed 

pmoles 

Lipoic acid | Complete 4.5 
No ATP 0.4 

Lipoamide Complete 4.5 
No ATP 0.4 

Lipoanilide Complete 4.5 
No ATP 0.5 








The complete system contained S. faecalis Fraction PP-1 (360 y of protein), Frac- 
tion PS-2A (225 y of protein), Fraction PS-2B (115 7 of protein), and 0.005 umole of 
d-lipoiec acid or the amides. Other components and conditions were as described 
previously (1). 





extract by lipoic acid. On the contrary, these amides were found to be 
capable of replacing lipoic acid (Fig. 1). The amides also replaced lipoic 
acid when partially purified preparations of the apopyruvate dehydrogena- 
tion system (Fraction PP-1) and the lipoic acid-activating system (Frac- 
tions PS-2A and PS-2B) were employed (Table I). It is significant that 


XUM 
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ATP was required with the amides as well as with lipoic acid to produce 
an active pyruvate dehydrogenation system. This observation suggested 
that hydrolysis of the amides occurred during incubation with the cell. 
free extract or the partially purified enzyme preparations, since the ATP 
requirement was shown previously (1) to be associated with activation of 
the carboxyl group of lipoic acid. To test this hypothesis, as well as to 








obtain a potentially useful substrate to follow enzyme purification, p-car. | 
bethoxylipoanilide was synthesized. It was observed that a diazotizabk | 
TaBLe II 
Release of Lipoic Acid from E. coli Pyruvate Dehydrogenation System 
y 
Sample | Acetyl phosphate formed Lipoic acid content 
| pmoles per mg. protein | ¥ per mg. protein 
: , , ‘ 

B. cok preparation. ..............] 43 0.41 
Incubation mixture.............. | 3* 0.05* 
Dialysate. .........----.-. seers 0.45* 





2 ml. of #. coli pyruvate dehydrogenation system (1) (4.2 mg. of protein) and 2 nl, 
of gel-treated S. faecalis Fraction PS-1 (25 mg. of protein) were incubated for] 
hour at 30°. An aliquot (0.1 ml.) of the incubation mixture was assayed for pyrv- 
vate dismutation activity and the remainder was dialyzed for 12 hours with stirring | 
against 36 ml. of distilled water. A mixture of 2 ml. of the Z. coli preparation and?! 
ml. of 0.02 M potassium phosphate buffer (pH 7.0) served as a control, and was treated 
in the same manner. An equal volume of 4 N HCl was added to each of the dialyzed 
enzyme preparations and the resulting mixtures were autoclaved for 1 hour at li 
pounds. The hydrolysates were adjusted to pH 7.0 with dilute KOH and aliquots 
were assayed for lipoic acid by the manometric assay of Gunsalus et al. (18). The 
dialysate was not autoclaved with acid prior to assay. 

* These results are based on the amount of Z. coli preparation employed. The 
S. faecalis preparation did not exhibit a detectable amount of pyruvate dismutation 
activity; nor did it contain a detectable amount of lipoic acid. 





| 


amine, presumably ethyl p-aminobenzoate, was produced when p-car- 
bethoxylipoanilide was incubated with the S. faecalis extract. A survey 
of the S. faecalis fractions obtained previously (1) revealed that appror- 
imately 70 per cent of the hydrolytic activity of the extract was present 
in Fraction PS-1. It should be mentioned that this fraction, as usually | 
obtained, exhibited little, if any, activity in the lipoic acid-activating 
system assay (1). 

Release of Lipoic Acid from Pyruvate Dehydrogenation Systems—When 4 
partially purified ZL. coli pyruvate dehydrogenation system was incubated 
for 1 hour at 30° with S. faecalis Fraction PS-1, the activity of the former 
system was decreased markedly (Table II). Shorter periods of incubation 
resulted in less inactivation. The incubation mixture was dialyzed, and 
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the dialyzed preparation, the dialysate, and a dialyzed sample of the LE. 
coli pyruvate dehydrogenation system were assayed for lipoic acid. The 
enzyme preparations were autoclaved with dilute acid before assay to 
release lipoic acid from the protein-bound form. The assay results (Table 
II) indicate that incubation of the EF. coli preparation with Fraction PS-1 
released approximately 88 per cent of the protein-bound lipoic acid in a 
dialyzable form. The fact that slightly more lipoic acid activity was 
found in the dialysate than in the original EZ. coli preparation is probably 
due to partial destruction of lipoie acid during acid hydrolysis of the en- 
zyme preparations (12, 19). 

A 10 ml. portion of the dialysate was reduced in volume to 1 ml. by 
lyophilization. Bioautographs of this sample, prepared as described pre- 
viously (20), showed only zones of growth at Rr values corresponding to 
a- and B-lipoic acids (21). 

Additional evidence that Fraction PS-1 releases lipoic acid from the 
protein-bound form was furnished by the observation that this fraction 
released radioactive lipoic acid from a pyruvate dehydrogenation system 
(Fraction PP-1*) prepared from an S. faecalis extract which had been 
preincubated with radioactive lipoic acid (1). Thus, incubation of 1 ml. 
of Fraction PP-1* (11 mg. of protein, specific activity 6.4, 0.032 y of radio- 
active lipoic acid per mg. of protein) with 0.3 ml. of Fraction PS-1 (0.5 to 
0.7 ammonium sulfate fraction, 2.7 mg. of protein, specific activity 21) 
for 1 hour at 30° resulted in essentially complete inactivation of the former 
preparation and released approximately 88 per cent of the radioactivity 
ina dialyzable form, which was identified as lipoic acid by means of radio- 
autographs (22). 

Reactivation of E. coli and S. faecalis Apopyruvate Dehydrogenation 
Systems—If inactivation of the pyruvate dehydrogenation systems by S. 


| faecalis Fraction PS-1 were due simply to release of lipoic acid from the 


| protein-bound form, it would be anticipated that the inactive preparations 
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could be reactivated in the same manner as was found necessary to ac- 
tivate the apopyruvate dehydrogenation system obtained from cell-free 
extracts of lipoic acid-deficient S. faecalis (1). That such is the case is 


“" indicated by the data in Table III. It was found that the inactive FZ. 
usually 


coli and S. faecalis preparations could be reactivated by incubation with 
lipoic acid and ATP (or synthetic lipoyl adenylate) and the lipoic acid- 
activating system from either LZ. coli or S. faecalis. It should be mentioned 
that a minimal amount of lipoyl-X hydrolase was used to inactivate the 
pyruvate dehydrogenation systems, and an excess of lipoic acid, ATP, 
and the lipoic acid-activating system was used to reactivate the inactive 
preparations. When an excess of lipoyl-X hydrolase was employed, it 
was necessary to separate this enzyme from the apopyruvate dehydro- 
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genation system in order to obtain complete reactivation of the latter 
system. This separation was accomplished, in the case of the L. colj 
preparation, by adjusting the pH of the incubation mixture to 4.5 to 5,0, 


The apopyruvate dehydrogenation system, but not lipoyl-X hydrolase, | 


precipitated at this pH. 
Further Purification of Lipoyl-X Hydrolase* 





Further purification of 


Fraction PS-1 resulted in a separation of the activities associated with | 


TaBLeE III 
Reactivation of Apopyruvate Dehydrogenation Systems 





Acetyl a formed 








Preincubation mixtures _— 





E. coli | S. faecalis 
pmoles | pmoles oe 
NN 526/555 S2c5 hss ba eer Te de ea 1.6 2.2 
Be NN OE oi occce. vices a enseadssenel 0 0.1 
ier. Satie 0.2 | 0.1 
‘* lipoic acid- activating system. | 0 | 0 
Lipoy] adenylate instead of lipoic acid | 
and ATP. . Soe Soe 1.8 2.0 
... eee 1.8 2.0 











The pyruvate dehydrogenation systems were inactivated as dese ribed i in the text, 
and then dialyzed with stirring for 12 hours against 1 liter of 0.02 M potassium phos. 
phate buffer (pH 7.0). The complete system contained 0.02 umole of dl-lipoiec acid 
and 0.02 umole of ATP, or 0.04 umole of lipoyl adenylate, gel-treated EZ. coli Frac. 
tion PS’-1 (The results were essentially the same when S. faecalis Fraction P§-2 
was used as the source of the lipoic acid-activating sytem.) (1) (240 y of protein) 
and inactivated E. coli pyruvate dehydrogenation system (equivalent to 42 y o 
control) or inactivated S. faecalis pyruvate dehydrogenation system (equivalent to 
425 y of control). Other components and conditions were as described previously 
(1). 

* Preparations of the pyruvate dehydrogenation systems were incubated for | 
hour with 0.02 m phosphate buffer (pH 7.0) instead of Fraction PS-1, and then di- 
alyzed as described above. 


hydrolysis of p-carbethoxylipoanilide and “‘lipoyl-X” (Table IV). A rep 
resentative fractionation was carried out (at 4°) as follows: 10 ml. of Frae- 
tion PS-1 were adjusted to pH 6.0 with 0.1 n hydrochloric acid and the 
stirred for 30 minutes with aged (1 year) calcium phosphate gel (23) (pil 
6.0, 1 mg., dry weight, per mg. of protein). The gel was collected by 

3 The presence of the lipoic acid-activating system in S. faecalis extract and 
Fraction PS presented technical difficulties in measuring the lipoyl-X hydrolase 
activity of these two preparations by the assay procedure described under ‘Material 
and methods.’’ Consequently, figures are not available for the activity of thes 
preparations. 
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centrifugation and discarded. The supernatant fluid was fractionated 
with a saturated solution of ammonium sulfate adjusted to pH 7.0 (Beck- 
man glass electrode) with concentrated ammonium hydroxide. The pre- 
cipitate obtained between 0.5 and 0.7 saturation was dissolved in 3.5 ml. 
of 0.02 M potassium phosphate buffer (pH 7.0) and the solution was di- 
alyzed with stirring for 4 hours against the same buffer. 

It was observed subsequently that freshly prepared calcium phosphate 
gel adsorbed an appreciable amount of lipoyl-X hydrolase at a gel to pro- 
tein ratio of 1:1. The active protein could be eluted with 0.1 mM potassium 
phosphate buffer, pH 6.5. The enzyme which hydrolyzed the synthetic 
substrate, p-carbethoxylipoanilide, could be eluted with 0.1 mM phosphate 
buffer, pH 7.4. This enzyme has not been investigated further. 

















TABLE IV 
Purification of Lipoyl-X Hydrolase 
| Activity Recovery 
Fraction Volume Protein en aweT 78 | ‘ 7 we 
Proce- | Proce- | Proce- | Proce- 
dure A | dure B | ure A | dure B 
a, eae enite peluaie te : ¥ r 
ml. meg. mg. mg. | per cent | per cent 
protein | protein | | 
| ee 10 230 «| 3.9 | 3.5 | 100 | 100 
Gel supernatant..........| 10.5 115 | 3.9 | 64] 50 | 92 
0.5-0.7 (NH4)2SO4........ 3.9 | 35 | 1.4 | 210] 5 | Oo 


Procedure A = p-carbethoxylipoanilide-hydrolyzing enzyme assay; Procedure 
B = lipoyl-X hydrolase assay. 


Lack of Exchange of Protein-Bound Lipoic Acid with Free Material in 
Model Reactions—A direct test of mechanism (a), i.e. exchange between 
protein-bound lipoic acid and free material, was performed with a prep- 
aration of the pyruvate dehydrogenation system (Fraction PP-1*) from 
S. faecalis, which contained protein-bound radioactive lipoic acid (1). Re- 
actions 1, 2, and 3 were carried out in the presence of this preparation, 
with unlabeled lipoic acid, lipoamide, dihydrolipoic acid, or dihydrolipo- 
amide. Aliquots of the reaction mixtures were assayed to determine the 
amount of free material utilized in the reactions, the remainder of each 
reaction mixture was dialyzed, and the radioactivity of the dialyzed prep- 
arations was measured. The results obtained (Table V) indicate that there 
was essentially no exchange between the protein-bound radioactive lipoic 
acid and the free, unlabeled lipoic acid, dihydrolipoic acid, or the cor- 
responding amides during the course of Reactions 1, 2, and 3, even though 
the amount of free material utilized was approximately 5000 to 17,000 
times the amount of radioactive lipoic acid bound to protein. 


XUM 
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Participation of Protein-Bound Lipoic Acid in Model Reactions—Ry. 
idence pertaining to mechanisms (b) and (c) was obtained by measuring 
the enzymatic activities, as exhibited in Reactions 1, 2, and 3, of pyruvate 
and apopyruvate dehydrogenation systems prepared from S. faecalis and 
E. coli. It was found (Table VI and Table VII, Experiment A) that 


TABLE V 
Lack of Exchange of Protein-Bound Lipoic Acid in Model Reactions 














| Free material reacting Bound lipoic acid remaining 

Assay system | 
Experiment 1 | Experiment 2 | Experiment 1 | Experiment 2 

pmoles per mg. | umoles per mg. ¥ per mg. ¥ per mg. 

oy rr protein | protein 

SS REE per 0.031 | 0.030 

a TE 0.031 | 0.031 

- ED ahaa wclee rene “yh apa 0.031 0.031 
RETR RR eee | 0.031 | 








The assay systems were similar to those described by Gunsalus and collaborator 
(‘‘Materials and methods’’). Each system contained 0.7 ml. of S. faecalis Fraction 
PP-1* (1) (7.7 mg. of protein; specific activity 6.4; 0.032 y of protein-bound radio. 
active lipoic acid per mg. of protein) in a final volume of 2.0 ml. In Experiment | 
20 umoles of unlabeled potassium dl-lipoate (Reaction 1) or potassium dl-dihydro. 





lipoate (Reactions 2 and 3) were employed and in Experiment 2, 20 umoles of the 
corresponding amides (see footnote 4). Phosphotransacetylase was not added to 
the assay systems for Reactions 1 and 2 since Fraction PP-1* contained this enzym 
(13 units per mg.). The reaction mixtures were incubated for 30 minutes (Reae- 
tion 3) or 1 hour (Reactions 1 and 2) and 0.5 ml. aliquots were removed for deter. 
mination of the products formed. In Reaction 1, acetyl phosphate and dithiol wer 
measured and were equivalent; in Reaction 2, heat-stable thio ester was measured, 
and in Reaction 3, the amount of dithiol oxidized. The remainder of each incubation 
mixture was dialyzed with agitation for 6 hours against three changes of 150 ml. each 
of 0.02 m potassium phosphate buffer (pH 7.0) and the radioactivity of 0.1 ml. ali- 
quots of the dialyzed preparations was measured. The control tube contained 0/ 
ml. of Fraction PP-1* and 1.3 ml. of 0.02 m phosphate buffer (pH 7.0). It was ineu-} 
bated for 1 hour at 30° and the contents were dialyzed as described above. 

* These figures do not represent maximal rates since the amount of Fraction PP-I' 
employed (to facilitate measurement of radioactivity in the dialyzed reaction mit- 
tures) furnished a large excess of dihydrolipoic dehydrogenase. 


Reaction 1, but not Reactions 2 and 3, required protein-bound lipoic acid 
Since previous data (Table V) indicated that protein-bound lipoic acid dil 
not exchange with free lipoic acid during the course of Reaction 1, tk 
present finding suggests that Reaction 1 involves mechanism (b), t 
coupling between free and protein-bound lipoic acid. The data also it 

4 In this and subsequent experiments, solutions of the amides in 95 per cent ethané 


were employed at levels up to 0.05 ml. per ml. of reaction mixture. Control exper: 
ments showed that this amount of ethanol did not affect the results. 
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dicate that Reactions 2 and 3 involve mechanism (c), i.e. reaction of the 
appropriate enzyme with free dihydrolipoic acid. 

The data in Table VII, Experiment B, and in Table V, show that lipo- 
amide and dihydrolipoamide can replace lipoic acid and dihydrolipoic 
acid, respectively, as substrates in the model reactions. With the amides, 
as well as the acids, protein-bound lipoic acid was required for Reaction 1, 
but not for Reactions 2 and 3. In additional experiments with the E. coli 
pyruvate dehydrogenation system it was observed that approximately 12 
per cent of the hydroxylamine-reactive material produced in Reaction 1 
with lipoamide as substrate was heat-stable and benzene-soluble, sug- 


TaBLeE VI 


Enzymatic Activities of Apopyruvate and Pyruvate 
Dehydrogenation Systems from S. faecalis 





Activity measured 











System | Fi naar dl Reaction 1 Reaction 2 Reaction 3 
| | 
| —_ 
| Ac-P Ac-P | SH/2 Thio ester |SH/2 oxidized 
\- pads 
Unactivated...........| 0 0 0 1.3 174 
Activated..............| 60 3.2 3.3 1.7 174 











The results are expressed as micromoles of product formed per hour per mg. of 
protein. The enzymatic activities were determined as described under ‘‘Materials 
and methods.”” The amounts of S. faecalis apopyruvate dehydrogenation system 
(Fraction PP-1, specific activity 30 (1)) employed in the assays were as follows: pyru- 
vate dismutation, 60 y; Reaction 1, 600 7; Reaction 2, 600 7; Reaction 3, 607. Frac- 
tion PP-1 was activated as described previously (1). 


gesting that it was a thio ester, presumably S-acetyl dihydrolipoamide. 
It was observed also that only 2.5 per cent as much hydroxylamine-re- 
active material was produced in the absence of exogenous CoA as was 


| produced in the presence of CoA. Attempts to identify this small amount 


of material as a thio ester gave inconclusive results. 

It should be noted (Table VII, Experiment B) that more than one-half 
of the dl-lipoamide or dihydrolipoamide was utilized in Reactions 1 and 3 
but not in Reaction 2 (3.8, 3.2, and 2.3 of 5 umoles, respectively). Other 
experiments with an excess of the Z. coli pyruvate dehydrogenation system 
showed that 5 umoles of dl-lipoamide or dihydrolipoamide were utilized 
completely in Reactions 1 and 3, but not more than 2.5 of 5 umoles were 
utilized in Reaction 2. The significance of these results with regard to the 
mechanism of Reaction 1 will be discussed later. The data also confirm 
the finding of Gunsalus and collaborators (3, 6) that E. coli dihydrolipoic 
transacetylase, but not the dihydrolipoic dehydrogenase, exhibits optical 
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specificity. The dihydrolipoic dehydrogenase from S. faecalis also does 
not exhibit optical specificity (cf. Table V and Gunsalus et al. (10)). 

The data in Table VII support and extend the observation of Sanadj 
and Searls (7) that the dihydrolipoic dehydrogenase reaction (Reaction 6), 


TaBLe VII 
Enzymatic Activities of Pyruvate and Apopyruvate 
Dehydrogenation Systems from E. coli 





Activity measured 




















System Pi weet dl Reaction 1 | Reaction 2 Reaction 3 
Ac-P Ac-P SH/2 | Thio ester |SH/2 oxidized 
Experiment A 
Untreated..............] 76 2.9 3.2 2.4 124 
Inactivated. ....... 0 0.6 0.5 2.4 110 
Reactivated............) 76 3.3 | 3.8 2.5 110 
Experiment B 
Meteested.............. 6.0 6.0 a7 305 
Inactivated. ...........| 0.5 0.6 3.6 298 
Reactivated............ 5.6 | 5.6 3.7 | 305 





The results are expressed as micromoles of product formed per hour per mg. of 
protein. The amounts of Z. coli pyruvate dehydrogenation system (specific activ- 
ity 38 (1)) employed in the assays were as follows: pyruvate dismutation, 63 7; 
Reaction 1, 630 7; Reaction 2, 630 y; Reaction 3, Experiment A, 42 y; Experiment B, 
21 y. The assay conditions were the same as in Table VI, except that in Experi- 
ment A 5 umoles of potassium dl-lipoate or dl-dihydrolipoate were employed, and 
in Experiment B 5 umoles of dl-lipoamide or dl-dihydrolipoamide. Also, phospho- 
transacetylase was not added to the assay systems for Reactions 1 and 2 since the 
E.coli preparation contained this enzyme (66 units per mg.). The £. coli preparation 
was inactivated, dialyzed, and reactivated as described in Table III. The dihydro- 
lipoic dehydrogenase activities of the inactivated and reactivated preparations were 
corrected for a blank activity exhibited by the lipoyl-X hydrolase preparation. 


catalyzed by a mammalian a-ketoglutarate dehydrogenation complex, pro- 
ceeded at a faster rate with free lipoamide as substrate than with free 
lipoic acid. Thus, the rate of Reaction 3, which is the sum of Reactions 
6 and 7, was approximately 2.5 times as fast with dihydrolipoamide as 
with dihydrolipoic acid. Reactions 1 and 2 also proceeded at faster rates 
with the amides than with the corresponding acids. In a separate ex- 
periment with the EF. coli pyruvate dehydrogenation system, it was ob- 
served that the rate of Reaction 1 with methyl lipoate as substrate was 
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approximately twice that obtained with lipoic acid. The rates of Re- 
actions 2 and 3 with methyl dihydrolipoate were approximately the same 
as with dihydrolipoic acid. It is also significant that the lipoic acid 
homologue, dl-1 ,2-dithiolane-3-caproic acid, produced no “activation” of 
the S. faecalis apopyruvate dehydrogenation system (1) at levels up to 
10 y, but was utilizable as substrate in Reaction 1. The reduced form of 
the homologue, dl-7 ,9-dithiolnonanoic acid, was utilizable in Reactions 2 
and 3. The rates obtained with the homologues in the three reactions 
under assay conditions similar to those of Table VII were, respectively, 
approximately 70, 135, and 75 per cent of the rates obtained with lipoic 
acid and dihydrolipoic acid. 


DISCUSSION 


Before the present investigation Seaman and Naschke (24) reported 
that treatment of purified mammalian pyruvate and a-ketoglutarate de- 
hydrogenation complexes with both alumina and an enzyme fraction from 
pigeon liver removed lipoic acid from the complexes and was accompanied 
by inactivation of the preparations. Activity was restored by adding a 
catalytic amount of lipoic acid to the treated preparations. It was sug- 
gested that the pigeon liver fraction catalyzed a reversible release of lipoic 
acid from the protein-bound form and that the liberated lipoic acid was 
adsorbed on the alumina. Our results indicate that lipoyl-X hydrolase 
cleaves a covalent bond linking the lipoyl moiety to protein, and that an 
energy-requiring reaction involving a different enzyme system is necessary 





to reform this bond. It is possible that lipoyl-X hydrolase, the lipoic 
acid-activating system, and ATP were present in the crude pigeon liver 
fraction. 

Since the over-all pyruvate dehydrogenation reaction (Reaction 8) 
involves protein-bound lipoic acid, it would appear that intermediate 
reactions obtained with free lipoic acid or structurally related compounds 
can represent at best model reactions and not physiologically occurring 
reactions (25). The proposal of Gunsalus (5) that Reaction 1 involves a 
reductive acylation of free lipoic acid, followed by acyl transfer to CoA 
and then to phosphate, is difficult to reconcile with the present finding 
| that protein-bound lipoic acid is required in the over-all reaction. Further- 
more, the proposed reaction sequence is not consistent with the observa- 
tion that both enantiomorphs of lipoamide can be utilized in Reaction 1, 
in view of the fact that dihydrolipoic transacetylase exhibits optical spec- 
ifcity. A reaction sequence which appears to be consistent with the data 
may be represented by Reactions 9 to 12 and the phosphotransacetylase 
reaction (Reaction 4). 


0) CH;COCO.H + TPP = [CH;CHO—TPP] + CO, 
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R’ 
(10) / 
[CH;CHO—TPP] + = | + TPP 
ss HS S—COCH; 


R’ R’ 
(11) ‘te 

+ HS—CoA 2 + CH,;CO—S—CoA 
HS S—COCH; HS SH 


Me R’ R R’ 
NV. (nV) (Y= 
HS SH 


S—S HS s——S SH 
(12) 
R R’ 
yi ‘ a 
| +| | 
HS SH S—S 
= —(CH:),«<CO2H, —(CH2)«CONHz, etc. R’ = —(CH2),«<CO—enzyme 


Reactions 9 to 11 were postulated previously (3) as intermediate steps 
in pyruvate dehydrogenation (Reaction 8). Reaction 12 represents a 
“disulfide interchange” reaction (26, 27) between protein-bound dihydro- 
lipoic acid and free lipoic acid (or lipoamide, etc.). The formation of a 
small amount of free thio ester, presumably S-acety] dihydrolipoamide, 
during the course of Reaction 1 with lipoamide as substrate may be at- 
tributed to interaction of acetyl CoA (produced in Reaction 11) and free 
dihydrolipoamide (produced in Reaction 12), catalyzed by dihydrolipoic 
transacetylase. The report (5) that a small amount of free thio ester, 
assumed to be S-acetyl dihydrolipoic acid, is formed in Reaction 1 in the 
absence of exogenous CoA appears to be in conflict with the reaction 
sequence proposed above. It is possible that the enzyme preparation 
(EZ. coli Fraction A) contained a small amount of CoA, and that the thio 


ester was formed as suggested above. An alternative possibility is that | 


reaction similar to Reaction 12 occurs between protein-bound S-acetyl 
dihydrolipoic acid and free lipoic acid. The latter reaction presumably 
would have to involve an acetyl transfer as well as a “disulfide inter- 
change.” In any event, it is apparent that further study of pyruvate 
oxidation in the presence of free disulfide (5, 28) is in order. 

The finding that the dihydrolipoic transacetylase and dehydrogenas 
reactions, as obtained with free dihydrolipoic acid or structurally related 
dithiols, do not involve protein-bound lipoic acid indicates that these two 
enzymes can react directly with the free dithiols. The natural substrates 
for these enzymes are presumably protein-bound S-acetyl dihydrolipoic 
acid and dihydrolipoic acid, respectively. As mentioned previously, itis 
not yet possible to specify the nature of the group or the enzyme to which 
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the lipoyl moiety is attached. The observation that lipoamide and di- 
hydrolipoamide are more effective substrates in the model reactions than 
lipoic acid and dihydrolipoic acid or the corresponding methyl esters 
suggests that the lipoyl moiety may be attached to a basic group. From 
the evidence available it does not appear that the lipoyl moiety is attached 
to either dihydrolipoic transacetylase or dihydrolipoic dehydrogenase, but 
rather to an enzyme which catalyzes one of the earlier steps in pyruvate 
dehydrogenation, perhaps Reaction 10. 


SUMMARY 


1, An enzyme preparation from lipoic acid-deficient Streptococcus faecalis 
is described which released lipoic acid from the protein-bound form pres- 
ent in pyruvate dehydrogenation systems prepared from Escherichia coli 
and S. faecalis, yielding apopyruvate dehydrogenation systems. 

2. Reactivation of the apopyruvate dehydrogenation systems required 
incubation of the preparations with lipoic acid and adenosine triphosphate 
(or synthetic lipoyl adenylate) and the lipoic acid-activating system from 
either S. faecalis or EF. coli. 

3. The formation of acetyl phosphate, COs, and free dihydrolipoic acid 
or structurally related dithiols from pyruvate and the corresponding free 
disulfides is mediated through protein-bound lipoic acid, but does not 
involve an exchange of protein-bound lipoic acid and free material. It is 
suggested that a “disulfide interchange” reaction between free disulfide 
and protein-bound dihydrolipoic acid is involved. 

4, Evidence is presented that the dihydrolipoic transacetylase and di- 
hydrolipoic dehydrogenase reactions, as obtained with free dihydrolipoic 
acid or structurally related dithiols, are not mediated through protein- 


bound lipoic acid. It appears that these enzymes react directly with the 
free dithiols. 
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S-CARBAMYL-L-CYSTEINE, AN INHIBITORY 
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: és The inhibitory effect of O-carbamyl-t-serine on the growth of certain 
J. t, 


bacteria is prevented competitively by glutamine (1). In contrast, the 
growth-inhibitory effects of azaserine (O-diazoacetyl-L-serine), which has 
been reported to be a glutamine antagonist under certain conditions (2), 
are not reversed in a competitive manner by glutamine. The preparation 
of S-carbamyl-L-cysteine and a study of its biological activity in compar- 
ison with those of O-carbamyl- and O-diazoacetylserine was undertaken in 
the present investigation to determine whether the presence of the reac- 
tive S-carbamyl group would result in an analogue which would have bi- 
ological properties more similar to those of O-diazoacetyl- than to the O- 
carbamylserine compound. 

8-Carbamyl-L-cysteine was readily synthesized by the condensation of 
L-cysteine hydrochloride and potassium cyanate in glacial acetic acid as 
indicated 


y (1938) 








HOA 
HOOC—CH(NH,-HCl)—CH,—SH + CNO- ———-> 


HOOC—CH(NH:)—CH.—S—CO—NH; 


The biological results presented indicate that S-carbamylcysteine in- 
hibits growth of bacteria as well as certain enzyme systems in a manner 
analogous to O-carbamylserine; however, the inhibitions are only partially 
and not competitively prevented by glutamine. These inhibitory prop- 
erties are somewhat similar to those of azaserine. 


EXPERIMENTAL! 


8-Carbamyl-x-cysteine—To a cooled aqueous solution containing 8.78 gm. 
of L-cysteine hydrochloride monohydrate and 3 gm. of glacial acetic acid, 
dissolved in 25 ml. of water, was added, in small portions with continuous 
stirring, a cooled solution of 8.1 gm. of potassium cyanate dissolved in 20 


' All melting points were determined with a Fisher-Johns melting point apparatus 
and are uncorrected. The authors are indebted to J. R. Claybrook and F. D. Talbert 
for the chemical analyses. 
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ml. of water. The addition was completed in 30 minutes and a tempera- 
ture of about 5° was maintained with external cooling. During the course 
of the reaction, gas evolution occurred simultaneously with each addition of 
potassium cyanate solution. After completion of the addition, the source 
of cooling was removed and the reaction mixture was allowed to come to 
room temperature. After a short time, a precipitate formed. The prod- 
uct was transferred to a sintered glass filtering crucible and washed with 
a small portion of ice-cold water, containing a few drops of hydrochloric 
acid, followed by alcohol and finally ether. After drying in vacuo over 
calcium sulfate, there were recovered 5.2 gm. of product, m.p., 155-160° 
(decomposed). A paper chromatogram of this material, with the ascending 
technique followed by development with ninhydrin, gave an Ry, value in 
butanol-acetic acid-water (3:1:1) of 0.12, and in 85 per cent phenol of 
0.25. 


C.HsN20;8-H:O. Calculated. C 26.4, H 5.5, N 15.4, 8 17.6 
Found. “ 26.7, “ 5.3, “ 15.4, “17.3 


The infrared absorption spectrum of S-carbamyleysteine has some sin- 
ilarity to that of its oxygen analogue, O-carbamylserine. No—SH ab- 
sorption bands were observed between 10 and 11 u (3), indicating that the 
carbamyl group is attached to the sulfur atom rather than to the amino 
group. The reported structure is further confirmed by the typical purple 
ninhydrin reaction which is characteristic of a free a-amino acid. 


Degradation Products of S-Carbamyl-x-cysteine—According to the general | 


procedure of Weiss (4), 182 mg. of S-carbamyl-L-cysteine monohydrate 
were dissolved in 3 equivalents of 1 n alcoholic sodium hydroxide, and the 
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reaction mixture was allowed to stand overnight at room temperature. | 


The precipitate which formed was recovered and dried in vacuo over phos- | 


phorus pentoxide. There were obtained 60 mg. of product which was 
identified as sodium cyanate by the evolution of odorous cyanic acid upon 


acidification, and by the formation of a characteristic blue color with co- | 


baltous acetate (5). The filtrate from the reaction mixture was allowed 
to stand at room temperature in the presence of atmospheric oxygen for 4 
few days, and the resulting solution was acidified with hydrochloric acid 
and taken to dryness under reduced pressure. Excess hydrochloric acid 
was removed by repeated addition of alcohol and evaporation to dryness 
in vacuo, and the residue was extracted with alcohol to recover the organic 
material. The resulting alcoholic solution yielded a precipitate upon nev- 
tralization with ammonium hydroxide. The solid was recrystallized from 
water-alcohol to yield 35 mg. of product which was identified as cystine 
by melting point, and by the lack of depression of a mixture melting point 
when combined with an authentic sample of L-cystine. The product was 
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further identified by the comparison of Rr values with an authentic sample 
of cystine, three different solvent systems being used. 

Growth Studies—The method of obtaining Lactobacillus arabinosus 17-5 
and Streptococcus lactis 8039 cells for inoculation of growth assays has been 
described (6). The assay procedure and medium were the same as previ- 
ously presented (7), with the following exceptions: arginine, adenine, gua- 
nine, and uracil were omitted from the basal medium; 0.2 y per ml. of 
calcium pantothenate was added; the glutamic acid was increased to 100 
y per ml., and for assays with S. lactis, the aspartic acid concentration 
was increased to 100 y per ml. and 20 y per ml. of pi-ornithine were added. 
Carbamylserine, carbamylcysteine, azaserine, citrulline, and glutamine were 
dissolved in sterile water, neutralized, and added aseptically to the previously 
autoclaved assay tubes as indicated in Tables I to III. The assay tubes 
were incubated at 30° for the indicated periods of time, and the amount of 
growth was determined turbidimetrically in terms of galvanometer readings 
so adjusted that in a particular instrument distilled water read 0 and an 
opaque object 100. 

Enzyme Studies—The method of obtaining cell-free preparations of S. 
lactis has been described (6). The enzyme assay consisted of 0.1 ml. of a 
cell-free preparation of S. lactis (derived from 0.05 mg. of whole cells) 
incubated for 1 hour at 30° in the presence of 20 umoles of dilithiumcar- 
bamyl phosphate, 2.5 wmoles of magnesium chloride, 20 wmoles of p1L- 
omithine, and 10 wmoles of tris(hydroxymethyl)aminomethane buffer at 
pH 8, in a total volume of 1 ml. Additional supplements to the enzyme 
assays were added as indicated in Table IV, and the amount of ci- 
trulline produced was determined by a previously described method (8). 


RESULTS AND DISCUSSION 


As indicated in Table I, the toxicity of carbamylserine is reversed by 
glutamine competitively for S. lactis and somewhat more than anticipated 
on a competitive basis for L. arabinosus. In contrast, the toxicities of 
carbamyleysteine and azaserine are not reversed competitively by 
glutamine. For L. arabinosus, relatively high concentrations of glu- 
tamine increase the amount of carbamylcysteine necessary for growth 
inhibition only 3-fold and increase that of azaserine less than 3-fold. For 
S. lactis, high concentrations of glutamine increase no more than 10-fold 
the amount of azaserine necessary for growth inhibition, but at the lower 
levels of glutamine (1 to 3 y per ml.) the reversal appears to be competi- 
tive over a narrow range of concentrations. The effect of glutamine on 
the toxicity of carbamyleysteine for S. lactis varied from none to an en- 
hancement (shown in Table I), and only occasionally does glutamine 
cause a slight reversal. This variability can be eliminated, however, by 
the addition of bicarbonate to the medium as shown in Table II. 
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In the presence of bicarbonate, glutamine consistently increases 3-fold 
the amount of carbamylcysteine necessary to inhibit the growth of §, 
lactis. The addition of bicarbonate does not appreciably affect the in. 
hibitory levels of azaserine and carbamylserine for either organism, nor 


TaBLeE I 


Effect of Glutamine on Growth Inhibitions by S-Carbamylcysteine, 
O-Carbamylserine, and Azaserine 





Test organisms 

















L. arabinosus 17-5* S. lactis* 
Inhibitor L-Glutamine, y per ml. | L-Glutamine, y per ml. 
0 | 1 | 3 | 10 | 30 | ol a3 10 | 30 
| Galvanometer readings 
¥ per mil. | | | 
None | 52 | 53 | 52 | 52 | 51 | 50 | 50 | 52 | 50 | 51 
S-Carbamy1- 10 39 | 53 | 56 | 54 | 49 | 47 | 43 | 47 | 30 | 32 
L-cysteine 30 | 20 | 48 | 47 | 43 | 38 | 25 | 24 | 14] 4] 6 
100 | 3] 6] 18] 14] 19] 3] O 1 
300 | ei ois 
O-Carbamyl- 1 41 5A 
DL-serine 3 | 2 35 | 46 | 
10 | |" fas | | 33 | 45 | 
30 | 15 | 48 | 59 | 3 | 38 | 38 
| 100 | | 12 | 47 | 87 | 18 | 39 | 41 | 4 
| 300 | 3 | 36 | 48 6 | 19 | 35 | 40 
| 1000 | | 3 | 23 | 5 | 15 | 40 
| 3000 | rP tof bt 4. ft oe 
L-Azaserine 1 | | | | 20 | 43 48 | 
| 68 | 45 51 | 45 | 48 | 50) 4 | 27 | 40 | 47 | 47 
| 10 | 10 | 13 | 22 | 30 | 30 | | 4 | 16 | 15 | 29 
| 3] 1| 3| 3| 3] 3] | | 6] 2/6 








* Incubated for 27 hours at 30°. 


does it affect carbamylcysteine toxicity for L. arabinosus; and further, 
bicarbonate does not alter the magnitude of the reversal by glutamine in 
these latter systems. 

It is of interest to note that the introduction of the more reactive thio 
ester group in place of the ester group of carbamylserine results in an 
analogue which is not competitively reversed by glutamine and is analogous 
to azaserine which contains the reactive diazo group. 

Further evidence that these inhibitors do indeed inhibit biosyntheses 
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in which glutamine has a role was obtained by observing the effects of 
certain known products of glutamyl functions on the growth inhibitions. 
In the presence of aspartic acid or arginine in concentrations sufficient to 
inhibit the utilization of glutamic acid in certain lactobacilli, it has been 
shown that essential roles of glutamic acid in the biosynthesis of citrulline, 
purines, and pyrimidines are more effectively performed by glutamine than 
by glutamic acid (9, 10). These results gave an early indication that the 
pathway of pyrimidine synthesis involved a separate route of incorpora- 
tion of a carbamyl group, independent of the ornithine to citrulline con- 


TaBLe II 
Effect of Glutamine in Presence of Bicarbonate on Toxicity of 
S-Carbamylcysteine for S. lactis* 





Glutamine, y per ml. 











| 
. la- | __ Sodi ei | | 
: poo mT bicarbonatet 0 1 | 3 | 10 30 
| | Galvanometer readings 
7 per ml, | ope ml, : ie iw 4 —— = 1 ike , | _ 
0 0 | so | 4 | 47 | 47 
10 | 0 4 | 48 | 48 | 45 | 38 
30 | 0 22 32 6b | 2B | 7 
100 0 0 2 1 | 1 | 0 
0 | 100 | 51 | 50 49 | 52 | 49 
30 | 100 43 | 46 46 | 47 48 
100 100 oc | Ss i 2 i.lUf 
300 86} «100—C*"| a 0 | | 





* Incubated for 27 hours at 30°. 
+t Added without heating to the sterile assay tubes. 


version, rather than a conversion of citrulline through arginosuccinate to 
ureidosuccinate. It would be anticipated that if these analogues of 
glutamine (carbamyleysteine, carbamylserine, and azaserine) inhibited 
broadly enzymatic processes involving glutamine, the end products of 
these processes should affect growth inhibition by the analogues. Ac- 
cordingly, the effects of citrulline, uracil, and hypoxanthine on the amount 
of inhibiting analogues necessary for half-maximal growth inhibition in 
the presence and absence of glutamine, for both L. arabinosus and S. lactis, 
were determined as indicated in Table IIT. 

For both of the above organisms, citrulline alone has a reversing effect 
on carbamyleysteine toxicity while a combination of citrulline and either 
wacil or hypoxanthine is slightly more effective. A combination of all 
three of the products is somewhat more effective for S. lactis, and for L. 
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arabinosus the combination almost completely reverses the toxicity of _ 


carbamylcysteine. Glutamine augments the reversal of growth inhibition 
by these products for L. arabinosus, but has only a slight effect under 
these conditions for S. lactis. 


TaBLe III 


Effect of Products of Glutamyl Functions on Growth Inhibitions by S-Carbamylcysteine, 
O-Carbamylserine, and Azaserine 





| Amount of analogue necessary for half-maximal inhibition 
of growth, y per ml. 


Supplements* ———_——_—— 
S-Carbamyl-t- | 























cysteine | O-Carbamyl-pL-serine | t-Azaserine 
L. arabinosust 
RIN Re RAE nos ane ais eine adic 20 1.4 | 5 
IID soe ccs sales trwaisininsa ares 65 420 14 
- hypoxanthine....... 75 460 35 
" IN 2) 35.5 eidv asks 95 4000-5000 | 35 
“ ‘¢ hypoxanthine. >3000 > 5000 100 
en en ee 70 4.3 | 11 
pu-Citrulline, hypoxanthine, ura- 
cil, u-glutamine................. > 5000 > 5000 | 330 
S. lactist 
EL ATE ae 15 ll | 1.2 
Oe Perr eee 50 13 La 
is hypoxanthine....... 100 15 1.8 
. Ree 65 13 1.7 
ss ‘« hypoxanthine. 125 17 3.8 
NDS So. oa cs kaewinxyeeees 10 90 17 
pu-Citrulline, hypoxanthine, ura- 
cil, u-glutamine................. 150 140 55 








* Supplements of pu-citrulline, 20 y, hypoxanthine, 10 y, and uracil, 5 y, added 
per ml. as indicated. With carbamylcysteine and azaserine, L-glutamine was added 
at 20 y per ml. as indicated and with carbamylserine, 2 y per ml. 

t Incubated for 27 hours at 30°. 


Citrulline greatly increases the amount of carbamylserine necessary for 
inhibition of growth of L. arabinosus, and uracil augments this effect of 
citrulline. Purines exert only a slight effect. All of these effects are 
exerted in the presence of glutamine to produce an increase in the inhibi- 
tion index (ratio of inhibitor to glutamine necessary for half-maximal 
inhibition). In contrast to the results with L. arabinosus, not even 4 
combination of citrulline, hypoxanthine, and uracil has more than a slight 
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effect on the carbamylserine growth inhibition of S. lactis in either the 
presence or absence of glutamine which has been shown to reverse this 
inhibition in a competitive manner (2). This suggests that some other 
limiting function of glutamine prevents the reversal by these products. 
The results obtained with use of azaserine as a growth inhibitor of L. 
arabinosus in the presence of various combinations of citrulline, uracil, and 
hypoxanthine were found to be comparable to those obtained with car- 
bamyleysteine inhibition of S. lactis and differ only in the slight responses 
to glutamine. Only a combination of all three products exerts an appre- 


TaBLe IV 
In Vitro Effects of S-Carbamylcysteine, O-Carbamylserine, and Azaserine 
on Conversion of Ornithine to Citrulline by Cell-Free Preparations 
from 8. lactis 








Inhibitor Dili pe pea l Conversion 

| pmoles per ml. pmoles per ml. per cent of control* 
S-Carbamyl-L-cysteine 1 20 102 
2 20 71 
5 20 47 
10 20 27 
20 20 12 
10 70 31 
0-Carbamyl-pL-serine 50 20 105 
100 20 92 
150 20 72 
150 70 109 
Azaserine 150 20 91 














* The control with no inhibitor converted 5.8 umoles of ornithine to citrulline. 


ciable effect on azaserine inhibition of S. lactis. This reversal of toxicity 
is augmented by glutamine which alone has an appreciable effect. 

In order to investigate the activity of these glutamine analogues at the 
enzymatic level, their in vitro effects on the conversion of ornithine to 
citrulline by cell-free preparations of S. lactis were determined as indicated 
in Table IV. Azaserine, even at high concentrations (150 umoles per ml.), 
does not appreciably decrease this conversion. Carbamylserine at a con- 
centration of 150 umoles per ml. causes a slight decrease in the conversion 
of ornithine to citrulline, and this decrease is overcome by increased 
amounts of carbamyl phosphate. In contrast, carbamylcysteine at a 
concentration of 10 wmoles per ml. effectively inhibits the formation of 
citrulline, but increased amounts of carbamyl phosphate (or in separate 
experiments, carbamyl phosphate and ornithine) have no effect on the 
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carbamylcysteine inhibition. Other substances which were tested, i, 
glutamic acid, glutamine, acetylglutamic acid, and potassium bicarbonate, 
do not overcome the inhibitory action of carbamylcysteine. If, however, 
the enzyme preparation is incubated with the carbamylcysteine and then 
dialyzed before the addition of the substrates, the conversion of ornithine 
to citrulline is not depressed, indicating that the carbamylcysteine does 
not bind the enzyme irreversibly. From these results, it appears that the 
growth effects of azaserine and carbamylserine cannot be ascribed to a 
direct inhibition of the enzyme. The moderately high concentrations of 
carbamyleysteine required for a direct inhibition of the enzyme, and the 
evidence that binding of the enzyme is reversible, make it doubtful that 
this direct inhibition represents the primary effect of carbamylcysteine on 
growth. 

The possibility that the analogues inhibit enzyme synthesis was con- 
sidered. When S. lactis cells are grown in the presence of carbamyl- 
cysteine, carbamylserine, or azaserine at concentrations which allow half. 
maximal growth, the resulting cell-free preparations, assayed by equal 
weights of cells, contained considerably decreased amounts of the enzyme 
system which converts carbamyl phosphate and ornithine to citrulline 
(Table V). The method of recovery of the cells and preparation of the 
enzyme reduce the concentration of carbamylcysteine below that necessary 
for inhibition of the enzyme itself. The presence of glutamine in the 
growth media increases 3-fold the amount of carbamylcysteine or azaserine 
necessary to prevent the appearance of the ornithine-citrulline enzyme 
system. The decrease in the ornithine-citrulline enzyme system produced 
by carbamylserine is reversed competitively by the addition of glutamine 
to the growth media. From these results, it is apparent that the primary 
effect of these antagonists is upon the synthesis of the enzyme. 

In order to determine whether this suppression of enzyme synthesis is 
specific for the ornithine-citrulline enzyme or whether other unrelated 
enzymes are similarly affected, the amount of the a-ketoglutarate-aspartate 


transaminase enzyme was determined by a previously described method | 


(11). The amount of this enzyme present in the cell-free preparations 
derived from cells grown in the presence of antagonists is not appreciably 
different from that present in the cell-free preparation derived from cells 
grown in the absence of these antagonists. 

Whether the primary effect of these antagonists involves merely an in- 
corporation of glutamine into protein or inhibition of the formation of 
some glutamyl moiety having a specialized function in carbamyl transfer 
is not apparent. The inhibition of pyrimidine synthesis which also in- 
volves a carbamyl transfer suggests the possibility of the latter. The 
catalytic effect of acetyl and other glutamic acid derivatives on the con- 
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version of carbon dioxide into carbamyl phosphate (12) may also have a 
counterpart in the transfer of carbamyl groups as well as in their forma- 
tion. 

Azaserine inhibition of the transfer of amide nitrogen of glutamine to 
formylglycinamide ribotide in the synthesis of formylglycinamidine ribotide 
appears to be the result of its chemical interaction with the enzyme which 


can be delayed competitively by glutamine (13). Azaserine may also act 


TaBLE V 
Effect of Carbamylcysteine, Carbamylserine, and Azaserine on Synthesis 
of Ornithine-Citrulline Enzyme of S. lactis 





Growth conditions 





Amount of enzyme in 


= cell-free preparation 
Inhibitor 

















Glutamine | | 
per ml. | per ml. per cent of control* 
| S-Carbamyl- | 
0 | L-cysteine 30 62 
0 100 40 
0 300 14 
10 100 52 
10 | 300 20 
O-Carbamyl- 
0 | DL-serine 10 77 
0 30 10 
1 30 100 
1 | 100 16 
10 | 300 100 
10 | 1000 66 
0 | t-Azaserine 3 88 
0 10 17 
10 10 77 
10 30 16 





*The control obtained from cells grown in the absence of these inhibitors con- 
verted 4.4 ymoles of ornithine to citrulline. 


in this manner to prevent the utilization of glutamine in the synthesis of 
the ornithine-citrulline enzyme. If glutamine could only competitively 
delay the inactivation over the long period necessary for growth experi- 
ments, the inability to attain concentrations of glutamine at the site 
sufficient to prevent the inactivation would preclude the demonstration of 
a competitive relationship. Also, a similar type of action of carbamy]l- 
cysteine which has the reactive thio ester group would also explain the 
lack of ability of glutamine to reverse its inhibitory effect upon enzyme 
formation. Reactive groups appropriately placed in metabolite analogues 
to interact irreversibly with enzymes could allow analogues to exert chemo- 
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therapeutic actions which might otherwise be reversed by large concen- 
trations of the metabolite in the host. 


SUMMARY 


S-Carbamylcysteine, synthesized by the interaction of cysteine and 
cyanate, was compared with O-carbamylserine and azaserine as growth 
inhibitors of Streptococcus lactis and Lactobacillus arabinosus. In contrast 
to the competitive reversal of carbamylserine inhibition by glutamine, 
inhibition by S-carbamyleysteine and azaserine is not competitively re- 
versed by glutamine. The toxicities of all three inhibitors are reversed to 
varying degrees by citrulline, purines, and pyrimidines, the biosyntheses 
of which involve a glutamyl] function. 

Of these glutamine analogues, only S-carbamylcysteine exerted any 
appreciable effect on the conversion of ornithine to citrulline by cell-free 
preparations from S. lactis. This inhibition results from a non-competi- 
tive but reversible inactivation of the enzyme and does not appear to 
account for the degree of inhibition of citrulline synthesis observed during 
growth. Cell-free extracts derived from cells grown in the presence of each 
of the analogues show considerable decreases in the amount of ornithine. 
citrulline enzyme synthesized by the cells. Glutamine competitively pre- 
vents the inhibition of enzyme synthesis by carbamylserine but not by 
carbamyleysteine or azaserine. 
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S-ADENOSYLETHIONINE AND ETHIONINE INHIBITION* 
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(From the Division of Biological and Medical Research, Argonne 
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(Received for publication, December 4, 1957) 


Since the initial observations of Dyer (1), considerable information has 
been accumulated on the physiological effects of ethionine. It is clear that 
its inhibitory effect on normal cell growth or metabolism is a function of 
chemical properties which are analogous to those of the amino acid me- 
thionine. Ethionine has been shown to interfere with methionine in pro- 
tein synthesis, formation of sulfur-containing amino acids, lipotropic ac- 
tivity, and transmethylation reactions (2). The biological activity of 
methionine, except for its incorporation into proteins, centers around mobi- 
lization and transport of the methyl group through an active form, S- 
adenosylmethionine (3). This sulfonium compound under appropriate hy- 
drolysis conditions is split to MTA! and homoserine (4). 

The finding that ETA is formed from ethionine by yeast and the demon- 
stration of its similarity to MTA obtained from S-AM (5) warranted further 
investigation of ethionine metabolism. The present study was directed 
toward the isolation and characterization of the ethyl analogue of S-AM 
and toward the demonstration of the transfer of the ethyl group in vitro by 
a system capable of transmethylation. A comparative study has been 
made of the chemical properties and biological activity of this new analogue 
and those of the normal methyl compound. The suppression of yeast 
growth by ethionine will be discussed in light of the experimental findings 
reported here. 


Materials and Methods 


Torulopsis utilis, strain ATCC 9950, was grown for S-AE synthesis by 
using essentially the procedure described by Schlenk and DePalma (6). 
The organisms were inoculated into the medium free of ethionine and al- 
lowed to grow for 48 hours. Aliquots of the growth medium were then 
transferred to 2 liter flasks containing 500 ml. of the ethionine-enriched 
medium and grown for an additional 60 hours with vigorous agitation on 

* This work was performed under the auspices of the United States Atomic Energy 
Commission. 

t Resident Research Associate. 

‘The following abbreviations are used: S-AM, S-adenosylmethionine; S-AE, 
S-adenosylethionine; MTA, 5’-methylthioadenosine; ETA, 5’-ethylthioadenosine. 
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a rotary action flask shaker. The cells were harvested and washed with 
distilled water. S-AE was extracted in 1.5 N perchloric acid and further 


treated by using chromatography and phosphotungstic acid as previously | 


described for the preparation of S-AM (7). 

Separation by ascending paper chromatography was utilized to identify 
hydrolysis and reaction products of S-AE. The chromatograms on What- 
man No. 1 filter paper sheets were developed with a mixture either of 
butanol, glacial acetic acid, and water (60:15:25) or of ethanol, glacial 
acetic acid, and water (65:1:34), by allowing 16 to 18 hours for solvent 
migration. The ninhydrin reaction of amino acids, the ultraviolet light 
(Mineralite 2537)-quenching reaction of the purine-containing compounds, 
and the chloroplatinate spray (8) for sulfur-containing compounds were 
employed to locate the separated materials. The Rr values of compounds 
involved in these experiments are as follows: S-AM 0.15, 0.3; S-AE 0.17, 
0.3; methionine 0.56, 0.75; ethionine 0.74, 0.73; MTA 0.75, 0.79; ETA 0.83, 
0.81; adenine 0.60, 0.64; homoserine 0.27, 0.63; S-ribosylmethionine (9) 
0.15, 0.3; S-ribosylethionine 0.17, 0.3; thiomethylribose 0.71, 0.73; thio- 
ethylribose 0.79, 0.84. The first value cited is for butanol-acetic acid-water 
and the second for ethanol-acetic acid-water. 

Concentrations of S-AM and S-AE were determined in acid solutions by 
using the Beckman model DU spectrophotometer; F,, (256 mu) = 15,000 
(6). Ethionine and methionine synthesized in the enzyme experiments 
were separated from the reaction mixtures on paper chromatograms and 
located with chloroplatinate spray; the method of Kornberg and Patey 
(10) for quantitative determination of amino acids from paper chroma- 
tograms was employed. From the control reactions an amount of paper 
equal to that of the positive reaction mixtures was also excised, even though 
little or no chloroplatinate-positive material was seen, and the amino acid 
determinations were performed. 

Extracts of bakers’ yeast were prepared by sonic disintegration. A sus- 
pension of washed bakers’ yeast (20 gm.) in 20 ml. of 0.1 m phosphate 
buffer at pH 7 was treated for 20 minutes in an ethanol-water-cooled Ray- 
theon model DF 101 sonic oscillator at 0°. Whole cells and cell walls were 
separated from the sonic extract by centrifugation at over 4000 X 4g for 
15 minutes. Extracts were dialyzed overnight against 100 volumes of 0.05 
M phosphate buffer at pH 7 and then used without further treatment. A 
modified biuret technique (11) was used for protein determinations. 

Transethylation and transmethylation were tested by using essentially 
the method of Shapiro (12). The t-homocysteine was prepared from I- 
homocysteine thiolactone by treatment with 0.1 N NaOH for 10 minutes 
In a total volume of 1 ml. the reaction mixture contained 5.0 umoles d 
L-homocysteine, 3.0 wymoles of t-S-AM or 3.8 wmoles of L-S-AE, 0.1% 
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phosphate buffer at pH 7, and a yeast enzyme preparation representing 
14.0 mg. of protein. The reaction mixtures were incubated at 35° for 3 
hours. At the end of the incubation period, aliquots of the reaction mix- 
tures were chromatographed without prior deproteinization on Whatman 
No. 1 filter paper. Authentic reference samples were cochromatographed 
with the test samples, and the butanol-acetic acid-water solvent system 
was used for development. 

The amino acids used were obtained from commercial sources. S-AM, 
MTA, ETA, thiomethylribose, and thioethylribose were prepared in this 
laboratory. 

Results 


S-Adenosylethionine is synthesized from ethionine by growing cells of T’. 
utilis. Table I shows that growth and synthesis of sulfonium compounds 


TABLE I 


Influence of Ethionine on Cell Growth and Yields of Adenosyl 
Sulfonium Derivative by T. utilis 











Ethionine in growth medium Yield of cells Total ee 

mmoles per 100 ml. gm. wet weight pmoles 
0 4.59 1.71 
0.05 | 4.19 | 7.05 
0.10 | 4.03 | 8.65 
0.25 3.48 6.62 
0.50 | 3.39 | 3.88 
0.75 | 3.31 | 2.29 
1.50 3.23 | 2.20 
2.0 | 3.10 | 1.7 
3.0 2.7 1.5 
5.0 | 1.83 0.6 
7.5 1.42 0.3 











Torulopsis was grown in a defined medium with an ethionine supplement as de- 
scribed in the text. 


are influenced by the concentration of the sulfur supplement. Concen- 
trations of the adenosyl sulfonium compounds were determined by spec- 
trophotometry of the 6 N acid eluates from Dowex 50 columns. For the 
synthesis of large quantities of S-AE a supplement of 489 mg. of ethionine 
per liter of growth medium was used. NoS-AM could be detected in the 
resulting preparations, as evidenced by the absence of methionine from the 
preparations on alkaline hydrolysis. The formation of small amounts of 
$AM, which usually occurs without sulfur supplement in the medium, 
appears to be suppressed competitively in the presence of ethionine. A 
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TaBLeE II 





Hydrolytic Products of Adenosyl Sulfonium Compounds 










Methods of hydrolysis 


Reacti 


on products from 




























pH 3-5, room temperature 
“ 3-5, 100° 


0.1 N acid, 100° 


pH 11-13, room temperature 


pH 11-13, 100° 





S-Adenosylmethionine S-Adenosylethionine 
None None 
5’-Methylthioadenosine 5’-Ethylthioadenosine 
Homoserine Homoserine 
5’-Methylthioadenosine 5’-Ethylthioadenosine 
Adenine Adenine 
Homoserine Homoserine 
Thiomethylribose Thioethylribose 
Adenine Adenine 
S-Ribosylmethionine S-Ribosylethionine 
Adenine Adenine 
Methionine Ethionine 













of reaction was 10 minutes. 


NH,OH and HCl were used for pH adjustment. 
separated by chromatography and identified as described in the text. The time 


The hydrolysis products were 
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Fia. 1. The absorption spectra of S-adenosylmethionine and S-adenosylethionine 
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solution of S-AE was obtained containing 19.4 uwmoles per ml.; chroma- 
tography gave an ultraviolet-, ninhydrin-, and chloroplatinate-positive area 
only at an Rp equivalent to that of S-AM. 

The sample was subjected to various chemical tests, and its reactions 
were compared with those of an authentic reference sample of S-AM. The 
results are presented in Table II. It is clear that under these conditions 
the chemical reactions of the synthesized material resemble those of S-ad- 
enosylmethionine. 


TaBLe III 
Transmethylation and Transethylation by Extract of Bakers’ Yeast 


| 




















Methionine determinations* | Ethionine determinations* 
Reaction contents 
Ninhydrin /|Chloroplatinate Ninhydrin /|Chloroplatinate 
values reaction values reaction 
pmoles pmoles 
Methyl transfer system 
(MT)T. . : - 1.5 + 0.6 = 
MT less homocy steine. 0.5 + 0.3 = 
“ « enzyme. 0 - 0 _ 
Ethyl transfer eyotens (E T)t. | 1.8 + 3.1 he 
ET less homocysteine. . - | 0.5 + 0.4 _ 
—“—— ew 0.2 - 0.2 ~ 
MT (or ET) lees @ group » donee. | 0.6 4. 0.6 - 
“+ ethyl donor...... ..| 2.5 a | 1.3 | + 








* Methionine and ethionine give a positive response to both the chloroplatinate 
and ninhydrin reactions. The ninhydrin values for a negative chloroplatinate area 
represent non-sulfur-containing ninhydrin-positive materials from the paper, sol- 
vents, and enzyme preparations. 

t MT, complete methyl transfer system: 5 wmoles of L-homocysteine, 3.0 umoles 
of S-adenosylmethionine, enzyme source, phosphate buffer. 

{ ET, complete ethyl transfer system: same as MT except 3.8 umoles of S-adeno- 
sylethionine replaced methyl donor. 


The ultraviolet absorption spectrum of S-AE is shown in Fig. 1 super- 
imposed on that of S-AM. The S-AM was in a concentration of 12.0 X 
\0-* m, while the S-AE was diluted to 8.3 X 10-5 m. No difference in the 
absorption spectra of the two compounds was found. 

The ability of S-AE to serve as an ethyl group donor in a system ca- 
pable of transmethylation was tested by using L-homocysteine as the ac- 
ceptor. Table III gives the results. 


DISCUSSION 


Ethionine (1) has received considerable attention as an analogue of 
methionine. The ramifications of ethionine metabolism appear to be mani- 
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fold. Early observations of gross physiological changes in animals fed eth. 
ionine subsequently led to a more precise chemical definition of the eth- 
ionine syndrome. Involvement as a structural analogue per se through its 


incorporation into proteins (13) appears to be only a minor aspect in the, 


over-all picture. There is no evidence that ethionine is a normal physio- 
logical constituent. In general the compound has been studied for its toxic 
reactions, though it has been demonstrated to be metabolically active as q 
sulfur source. It has been shown that a C" label on the ethyl group of 
ethionine may be found in ethyl derivatives of choline and in creatinine (14), 
Further, ETA is synthesized by yeast grown in an ethionine-enriched me- 
dium in the same way that MTA is formed in methionine-enriched cul- 
tures (5). These facts and a variety of other evidence suggest the partic- 
ipation of ethionine in reactions analogous to transmethylation. In order 
to participate in methyl transfer, methionine must first react with aden- 
osine triphosphate (15) to form an adenine sulfonium compound, S-AM (4), 
which may then act as a methyl group donor to an appropriate acceptor. 
It is presumed that S-AE is synthesized in a like manner; the assimilation 
of ethylmercaptan by yeast also results in the formation of S-AE (16). 

The isolation here of S-AE and the demonstration of its ability to trans- 
fer the ethyl group of ethionine to an appropriate acceptor serve to demon- 
strate further the biological activity of ethionine. The compound isolated 
resembles closely the structure of S-AM, as shown by a variety of data: 
isolation procedure, alkaline and acid degradation, ninhydrin, chloroplati- 
nate, and ultraviolet-quenching reactions, paper chromatographic mobility, 
and similarity in ultraviolet absorption spectra. The strongest evidence 
for structural analogy, however, is the complete similarity in biosyntheses 
and behavior in enzyme experiments, that is in transmethylation and trans- 
ethylation. 

From the complete ethyl transfer test system a considerable amount of 
methionine was synthesized. This may be explained in two ways. It 
might be suspected that the S-AE preparations contained also some S-AM. 
This possibility is ruled out since, in the S-AE hydrolysis experiments, 
none of the degradation products of S-AM, that is methylthioribose, meth- 
ylthioadenosine, or methionine, was found. Alternatively, the S-AE prob- 
ably undergoes transethylation leaving S-adenosylhomocysteine (17), which 
may then accept a methyl group or a methyl precursor from the cell-free 
extract to form S-AM. The S-AM in turn probably donates the methy! 
group to homocysteine to form methionine. 

There appears to be some competitive interaction of the ethyl and methy! 
donors when placed in combination in a complete reaction mixture (Table 
III). Experiments are in progress in this laboratory to purify the trans 
methylase system in order to define more precisely the mechanism of group 
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transfer. It will be interesting to test for a competitive effect of S-adeno- 
sylethionine when the isolated enzyme is studied. 

It is interesting that no preadaptation of the bakers’ yeast was necessary 
in order to carry out the reactions with S-AE, indicating that normal cell 
enzymes mediate the group transfer. Synthesis of ethyl derivatives of 
choline may be explained on this basis. Under the influence of ethionine a 
competition probably exists between the ethyl and the normal methyl do- 
nors for appropriate acceptors. It is not unreasonable to assume that the 
ethyl analogues synthesized are of lesser or no value in the general economy 
of the cell. It has been found that the ethyl derivative of choline is, in 
fact, inhibitory (18). 

Thus it is probable that no one specific reaction is responsible for eth- 
jionine inhibition. The synthesis of abnormal ethyl derivatives through 
transethylation and their failure to carry out normal cell functions are but 
a portion of the story. The depletion of adenosine triphosphate through 
synthesis of excess sulfonium derivatives (19) and the competition of ethi- 
onine with methionine in the formation of proteins (20, 21) contribute also 
to the inhibitory effect. 


SUMMARY 


Yeast grown on a defined medium supplemented with ethionine produces 
an adenosyl sulfonium derivative, S-adenosylethionine, that is similar to 
S-adenosylmethionine in chemical and biological properties. A transethyl- 
ation in vitro in a system capable of transmethylation is demonstrated. 
The mechanism of ethionine inhibition is discussed in relation to these 
findings. 
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isin HEXOSAMINE-CONTAINING GLYCOPROTEINS OF NORMAL 
ork, BOVINE SYNOVIAL FLUID* 
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(From the Departments of Anatomy and Physiological Chemistry, Wayne State 
University College of Medicine, Detroit, Michigan) 
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| Synovial fluid is usually considered to be a modified extracellular fluid 

| or blood dialysate (1, 2). It is now well known that all of the electro- 

| phoretically classified groups of proteins found in serum are also, at least 
qualitatively, present in synovial fluid (3-8). This does not mean, how- 
ever, that all proteins can pass the capillary membranes, because cholesterol 
and fats, usually associated with lipoproteins, are absent from the normal 
fluid (1, 2). The proportion of albumin is greater in human and bovine 
synovial fluids than in the respective serum, suggesting that a slight 
generalized permeability (or perhaps selective permeability) exists for 
molecules of molecular weights of about 65,000 or less. On this account, 
glycoproteins of similar or smaller molecular weight might also be present 

| in synovial fluid to a greater degree than in serum. It is the purpose of 

| this report to demonstrate a generalized enrichment of a- and B-hexosamine- 
containing glycoproteins' in synovial fluid. 

Bovine fluids and sera were used because of the ease with which these 
materials are obtained; sufficient fluid is generally obtainable from human 
subjects only as traumatic effusions. Schmid e¢ al. have shown that such 
effusions contain many of the proteins common to serum (9, 10). Un- 
fortunately trauma is also accompanied by an increase in permeability 
(2); hence, data obtained with such fluids do not strictly describe the normal 

| composition. One might also object that bovine synovial fluid obtained 
at a slaughterhouse is not quite normal, as the animals may have stood for 
long periods of time in transit. Nevertheless, it is felt that carefully 


selected bovine fluids will present a relatively normal picture of the glyco- 
proteins present. 


* This project was aided by grants from the United States Public Health Service 
(A-523(C8)) and the Michigan Chapter, Arthritis and Rheumatism Foundation. 

A preliminary report of this work was presented before the American Society of 
Biological Chemists, Philadelphia, April 14, 1958. 


1 Glycoprotein, in this paper, is used in connection with any hexosamine-contain- 
ing protein. 
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GLYCOPROTEINS OF BOVINE SYNOVIAL FLUID 


EXPERIMENTAL 


Synovial fluids were aspirated from both astragalotibial joints of 3 to 5 
year-old beef heifers immediately after slaughter.2 A sample of blood from 
the same animal was obtained and allowed to clot. Sera and the combined 


fluids from both joints of a single cow were centrifuged and used on the | 


same day. 

Before electrophoresis, a 10 ml. sample of synovial fluid was treated 
with 0.5 ml. of hyaluronidase’ (75 turbidity reducing units) to reduce the 
viscosity. Preliminary tests showed that the viscosity was minimal after 
letting this mixture stand at 5° for 48 hours. The synovial fluid was then 
concentrated by dialysis for 16 hours against a 20 per cent (by weight) 
solution of dextran‘ at 5°. 

Both the serum, 3 ml. samples, and the concentrated synovial fluids were 
separated by zone electrophoresis on starch by the procedure previously 
outlined (11, 12). The Veronal buffer had an ionic strength of 0.075 and 
a pH of 9.1. The protein content of the eluates was measured by the 
method of Lowry et al. (13), and determinations of hexosamine were made 
by the isoamyl alcohol extraction procedure (14). A biuret method was 
used for the total proteins of serum and synovial fluid (15). 


Results 


The protein and hexosamine contents of each eluate were plotted as per 
cent of the total versus the distance migrated from the origin as shown in 
Fig. 1. The migration was expressed as the fraction, Raiumin, which is the 
distance migrated divided by the distance of the albumin peak from the 
origin. Fig. 1 is a typical protein and hexosamine pattern for synovial 
fluid and is qualitatively the same as the patterns obtained with serum. 
To evaluate the protein pattern the areas bounded by the albumin, a-, 
B-, and y-peaks were measured with a planimeter. For glycoproteins only 


the a-, B-, and y-areas were used, because no significant amount of hexos- | 
amine appears in the albumin region (cf. Fig. 1). From the average relative | 


amounts of each fraction (Fig. 2) it is apparent that the albumin content of 
synovial fluid is greater than that of serum (50.0 per cent versus 38.6 per 
cent), a is lower (12.1 per cent versus 14.2 per cent), 8 values are the same 
(12.3 per cent versus 12.6 per cent), and the y proteins are lower in fluid 
than in serum (25.5 per cent versus 34.8 per cent). The data for serum 


? Synovial fluid and sera were obtained through the courtesy of Standard Beef, 
Inc., Detroit, Michigan. 

3 We are grateful to the Wyeth Laboratories, Inc., Philadelphia, Pennsylvania, 
for generous contributions of Wydase. 

4 Gratitude is expressed to the Commercial Solvents Corporation, Terre Haute, 
Indiana, for generous supplies of dextran. 
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alone are the same as the results obtained in preliminary studies by paper 
electrophoresis and are comparable with those reported by others (16-19). 
Also the differences in albumin, a-, 8-, and y-zones between serum and 
synovial fluid are the same as those previously reported (6, 8). The 
average relative amounts of hexosamine (Fig. 3) show that the a com- 
ponent of synovial fluid is slightly greater than that of serum (59.6 per cent 
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Races 
Fic. 1. Typical protein and glycoprotein patterns for normal bovine synovia 
fluid. Patterns for bovine serum differed only in proportions of the zones. Peaks 
are named in accordance with convention; i.e., albumin at Razz = 1.0 followed by 
a, 8, and finally y at Razz of 0.2 to —0.3. The protein and hexosamine values are 
expressed as per cent of total present in all the eluates. 


versus 56.7 per cent), the 6 component is higher (21.3 per cent versus 
16.7 per cent), and the y component is lower (19.1 per cent versus 26.6 
per cent) in fluid than in serum. 

The relative amounts of protein and hexosamine were then used to 
calculate the concentrations of hexosamine in the total protein of the 
a-,8-, and y-peaks (Table 1). The differences in hexosamine concentration 
between fluid and serum are also given. 

Synovial fluid taken directly from the joint is too viscous for a clear 
electrophoretic separation on a starch medium. The need for a preliminary 
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depolymerization of the hyaluronic acid by hyaluronidase introduced 
possible alterations of protein mobilities and proportions of the zones, 
Also, the products of depolymerization might have combined with proteins 
and changed the normal quantities of hexosamine in each zone. A paper 
electrophoresis technique was used in preliminary studies to test these 
possibilities.© Fresh bovine serum was diluted to 1 per cent protein, 
treated with hyaluronidase, and concentrated either by dialysis against 
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Fig. 2. Comparison of average proportions of electrophoretically separated 
groups of proteins from bovine serum and synovial fluid. 


dextran or by pressure dialysis. After electrophoretic separation, the 
proteins were stained with bromophenol blue. The albumin, a-, B-, and 
-zones were eluted with 2 per cent sodium carbonate in 50 per cent metha- 
nol, and the optical densities of the eluates were measured at 595 mp 
after 30 minutes (20). The proportions of albumin, a-, 8-, and -zones 
were the same as those with the untreated serum. Thus neither hyaluron- 
idase nor the concentrating process had any undesirable distorting effect 
upon the protein pattern. 


5 Paper electrophoresis was performed with the Spinco apparatus on Whatman 
No. 3MM paper and with barbital buffer, pH 9, of 0.075 u. 
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ced The effects of hyaluronidase and the products of hyaluronic acid 
nes. | depolymerization on the proportions of glycoproteins were determined 
eins | by separating electrophoretically the proteins of (1) a diluted sample of 
uper 


serum and (2) a diluted sample of serum containing purified hyaluronic 


hese} acid (21). Both samples were treated with hyaluronidase and con- 
‘ein, 
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Fig. 3. Electrophoretically separated hexosamine-containing glycoproteins of 
bovine serum compared with those of synovial fluid. 


1, the 
+, and tentrated. The paper electropherograms were cut into a-, B-, and y-zones, 
nethe- and each paper section was boiled with 3 N HCl. The hexosamine contents 
MH} of the hydrolysates were then measured (14). In this experiment correc- 
“Zone } tis were made for a little color produced by the hydrolysis of paper 
lurot- | lone. Again, no significant differences in proportions of hexosamine in 
effect | the a-, B-, and y-zones were observed between the treated samples and the 
original serum, thereby demonstrating that neither the enzyme nor the 
1atman 


products of the depolymerization of hyaluronic acid had an observable 
effect upon the electrophoretic pattern. 
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DISCUSSION 


Some of the a-globulins of serum (human) have a ew low molecular 
weight and a considerable content of hexosamine (22, 23). Orosomucoid, 
which constitutes about 10 per cent of the total glycoproteins, has a molecu. 
lar weight of 44,100 and 11.5 per cent hexosamine (24). Other low molecu. 


lar weight a-glycoproteins have been observed to have a hexosamine | 


content of 3.5 to 4 per cent (25). Such proteins might preferentially pass 
through capillary membranes and accumulate in the synovial fluid. An 


TABLE I 
Hexosamine Contents of Electrophoretically Separated Proteins 
from Bovine Serum and Synovial Fluids 
The values given for a-, 8-, and y-peaks are the hexosamine concentrations in per 
cent of total proteins in that peak. The values for total protein are given in gm 
per 100 ml. 



































Serum | Synovial fluid | Difference* 
Sample No. [24 ae oe ” ‘ens, 
Total | Total } 
sani «| 6 + | Be | B | Y . - if 
seam —— | ——_—| _— comestom —| | —|— SS a 
| | | | | | | 
1 8.8] 4.1) 1.2) 0.7) 1.3] 5.3) 1.7] 0.8) 1.2] 0.5] 01 
4 7.3) 3.3) 1. 0.8} 1.3 | 4.8) 1.6) 0.8) 1.5 | 0.5 | 0.0 
5 7.0 | 3.8 1.4) 0.7] 1.8] 5.0) 2.0) 0.7 1.2 | 0.6) 0.0 
8 8.2} 3.3) 1.0) 0.8) 1.4] 4.7 1.4) 0.7; 1.4] 0.4 |-0.1 
11 5.4| 3.7| 1.6 0.6 | 3.8| 2.2 0.7; 0.1} 0.6) 0. 
14 6.8| 4.4) 1.2) 0.7) 0.8 5.2) 1.3) 0.6 0.8 | 0.1 |-0.1 
| 
at ee Se ee eee pe — oe . — 
Average... 7.3] 3.8 1.3) 0.7 1.3| 4.8) 1.7] 0.7] 1.0] 0.5} 04 
S.d.f........] 1.2 |0.4/+0.2)40.1) 40.3 |+0.5+0.4/+0.1/40.5 |40.2 |40.1 
OES ) | | } | | 4.88} 6.28 
| | | 





* Synovial fluid minus serum. 

+ Standard deviation. 

¢t Student’s ¢ test. 

§ Significant at 1 per cent level. 


increase in the proportion of hexosamine-containing a-glycoproteins jp 
synovial fluid is demonstrated by Fig. 3. At the same time there is: 
reduction in the proportion of a-globulins (Fig. 2). These two effects 
result in the higher percentage of hexosamine in the a-globulins of 
synovial fluid as compared with serum (Table I). 

Little information is available concerning individual glycoproteins 
migrating as #-globulins. Fig. 3 shows that some hexosamine-rich ¢ 
glycoproteins do accumulate in the synovial fluid, while, on the other hand, 
the total 6-globulins do not show a significant difference between serum ani 
fluid. Thus there is a higher percentage of hexosamine in the synoviil 
fluid fraction than in serum (Table I). The increased concentrations 
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of hexosamine in the 8- as well as in the a-peaks are significant at the 1 
per cent level (Table I). A complication which cannot be ruled out at 
ular} present is the possibility that some of these hexosamine-containing glob- 
coid, | ulins are directly of tissue origin. 
lecu- The concentrations of hexosamine in the proteins of the y-peaks were 
lecu-! the same for serum and synovial fluid (Table I). This suggests that there 
mine| jsno preferential permeability for these glycoproteins. Available evidence 
pass} indicates that y-globulins are predominantly proteins of high molecular 
An} weight (26). 
The present data demonstrate an enrichment of a- and 6-globulins with 
hexosamine-containing glycoproteins in synovial fluid as compared with 
the serum. No comparisons of albumin have been made because it is 


. felt that this fraction does not have a significant content of hexosamine 
in per be : 
n gm} (12, 22, 27) (ef. Fig. 1). 





SUMMARY 


Proteins of bovine sera and synovial fluids were separated by zone 
ia electrophoresis on starch. Analyses for protein and hexosamine were 
| made on the consecutive eluates. The average relative distributions of 





| 0. hexosamine in the electrophoretically separated zones were 59.6 per cent 
| 0.0} and 56.7 per cent in the a-peaks, 21.3 per cent and 16.7 per cent in the 
| 0.0) g-peaks, and 19.1 per cent and 26.6 per cent in the y-peaks of synovial 
|—0.1 


ei fluid and serum, respectively. The concentration of hexosamine in the 
|_9 | total protein of each zone shows an enrichment of hexosamine-containing 


_—j glycoproteins in the a- and 8-peaks of synovial fluid and no change in the 
| 0.0 y-region. 
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= During recent years it has become increasingly apparent that ribonucleic 


2, ot. acid plays a central role, possibly by serving as a template, in the synthesis 
of cellular protein. It is reasonable to postulate that at some stage in 
2,279} the synthetic process the amino acid molecule which is about to be in- 
corporated into the polypeptide chain is attached in some manner to some 
part of the ribonucleic acid molecule. Most of the published speculation 
on this subject has assumed that the aminoacyl group becomes fixed to the 
pt. B,| diesterified phosphoryl portion of the ribonucleic acid chain (1, 2). How- 
ever, it seemed worth while to consider the alternative possibility that the 
aminoacyl group could be covalently bound to the basic portions of the 
polynucleotide, an arrangement which might account more readily for 
the determination of sequence in the polypeptide. 
With these thoughts in mind, and utilizing the acetyl group as a practi- 
cal model for the aminoacyl group, we have acetylated uracil and some 
related pyrimidines. Acetyluracil proved to be a powerful acetylating 
agent capable of transferring the acetyl group in aqueous solution to, 
among other things, orthophosphate and the sulfhydryl group of gluta- 
thione. Structural determination, however, has revealed the acetyl group 
in this compound to be located on the 1-nitrogen.! Since this is the point 
| of attachment of the ribosyl group in nucleotides, this particular acetylated 
uracil is not a valid template model in the sense alluded to above. How- 
ever, the chemistry of this compound and the related compounds which 
were prepared, viz. l-acetyldihydrouracil, 1-acetylthymine, and 1-acetyl- 
dihydrothymine, has an intrinsic interest. 

A closer approach to valid template models is found in acetyl-1-methyl- 


uracil and acetyl-1-methyleytosine which have been prepared and will be 
reported on shortly. 


‘hem., 





* This work was supported by grant No. MET37-B from the American Cancer So- 
ciety, contracts No. AT (30-1)-1207 and No. AT(30-1)-609 from the Atomic Energy 
Commission, and an allocation from an Institutional Grant of the American Cancer 
Society to the Massachusetts General Hospital. This is publication No. 921 of the 
Cancer Commission of Harvard University. 

! The numbering system used throughout this article conforms with that of ‘“‘Chem- 
ical abstracts”’ and is illustrated in formula I of Fig. 1. 
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EXPERIMENTAL 


The acetylated pyrimidines used in this study were obtained in uniformly 
good yields (80 per cent) by refluxing the bases (obtained from Dougherty 
Chemicals) with acetic anhydride. 

1-Acetyluracil (II, Fig. 1)—1.0 gm. of uracil (I) was refluxed for 4 hours 


with 10 ml. of acetic anhydride. The solid that separated on cooling was | 


recrystallized from acetic anhydride and dried in vacuo; m.p., 190-191°, 
when inserted into the melting point block at 185°; ultraviolet spectra 
(Cary recording spectrophotometer), in chloroform, Amax 254 my, € = 


a3 2 a ; es 


i ies o 
CH3 


Hd Pt ” Pa 
ie AC2 0 — * 


a? 0 
~ i CH3 


Fia. 1. Structures of acetylated uracil and related pyrimidines 


12,800; in carbonate buffer, pH 7.2, taken within a few minutes of dis- 
solution, Amax 259 mu. 


CesHeN203. Calculated. C 46.75, H 3.93, N 18.18 
Found. ** 46.53, “* 4.06, “‘ 18.13 


1-Acetyldihydrouracil (IV) (3)—Dihydrouracil (III) was acetylated as 
above. The crystals that formed on cooling were recrystallized from water; 
m.p., 193-195°; ultraviolet spectrum in water, Amax 214 my, « = 15,000. 
There was no absorption above 260 mu. 


C.HsN:20;3. Calculated. C 46.15, H 5.17, N 17.95 
Found. ** 46.20, “* 5.45, “6 18.22 


1-Acetylthymine—Thymine was acetylated as above. The solid that 
separated on cooling was recrystallized from acetic anhydride and dried 
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in vacuo; m.p., 193.5-195.5°; ultraviolet spectrum in chloroform, Amax 261 
mu, € = 12,900. 


C;HsN20;. Calculated. C 50.00, H 4.76, N 16.66 
Found. < 50.26, “ 6.0, “ 16.88 


1-Acetyldihydrothymine—Dihydrothymine was acetylated as above, 
giving a solution which was concentrated to dryness. The crude solid was 
recrystallized from water and finally from ethanol; m.p., 114-115°; ultra- 


violet spectrum in water, Amax 215 my, € = 12,900. There was no absorp- 
tion above 260 mu. 


C7;HioN20;3. Calculated. C 49.40, H 5.92, N 16.47 
Found. ** 49.84, ** 5.99, ** 16.31 


Hydrogenation of 1-Acetyluracil—136 mg. of 1-acetyluracil were dis- 
solved in 18 ml. of glacial acetic acid and stirred with platinum oxide at 
room temperature in 1 atmosphere of hydrogen. When gas uptake had 
ceased, the solution was filtered and evaporated to dryness in vacuo. The 
white powder was extracted with chloroform, the solution was filtered, and 
the solvent was removed in vacuo. The solid that remained had the same 
melting point and infrared and ultraviolet spectra as the 1-acetyldihydro- 
uracil prepared from dihydrouracil and acetic anhydride. 

3-Methyldthydrouracil (VI) from 1-Acetyldthydrouracil—2.0 gm. of 1- 
acetyldihydrouracil were treated with 50 ml. of an ether solution of diazo- 
methane prepared from 7.5 gm. of N-methyl-N-nitroso-p-toluenesulfona- 
mide (Diazald, Aldrich Chemical Company, Inc.) (4). Nitrogen evolution 
was induced by the slow, dropwise, addition of water to a total of 2.0 ml. 
After standing at room temperature for 10 hours, the solution was filtered 
from unreacted starting material (0.7 gm.) and concentrated to a faintly 
yellow oil that crystallized on standing at room temperature overnight 
(1.15 gm.). This was a low melting product that was soluble in water and 
all ordinary organic solvents. The results of a quantitative hydroxylamine 
test for labile acetate (5) were in excellent agreement with formula V of 
Fig. 1. The compound was dissolved in 4.0 ml. of 2 N HCl and warmed 
on the steam bath for 40 minutes, and the resulting solution was concen- 
trated in vacuo. To remove HCl and acetic acid the solid residue was 
twice taken up in water and concentrated to dryness. The solid was 
finally taken up in a small volume of water, and the solution was refrigerated 
overnight; colorless needles, m.p. 126-129°; mixed m.p. with authentic 
smethyldihydrouracil, 127.5-129°. 


Chemical Reactivity 


Hydrolysis—In aqueous solution acetyluracil is very rapidly hydrolyzed, 
the decomposition being first order in acetyluracil. Below pH 4 the half 


YUM 
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life is 16 minutes; at pH 8.5 it is about 4 minutes and it decreases rapidly | 





with increasing pH. In Fig. 2 are plotted the specific rate constants of 
hydrolysis against pH at 25°. Acetylthymine behaves similarly. On the 
other hand, acetyldihydrouracil is very resistant to hydrolysis. 
Hydroxylamine—The acetylpyrimidines as well as their dihydro deriva. 
tives react rapidly and quantitatively with hydroxylamine at pH 6.5 (5). | 
25 
x 
= 20 
£ 
cS 
2 1s 
Pd 
af 
10 
5 x & ? 














eS tet ee 2. ee FF Se Oe 
pH 

Fic. 2. Effect of pH on rate of hydrolysis of acetyluracil at 25°. On the ordinate 
are plotted the first order rate constants for the disappearance of acetyluracil. 6 to 
9 mg. of acetyluracil were dissolved in 10 ml. of temperature-equilibrated buffer, and | 
1 ml. aliquots were withdrawn at appropriate intervals for assay by the method of 
Lipmann and Tuttle (5). Below pH 7 the buffers used were 0.10 m HCI-KCl, 0.10 
M citrate, 0.05 m phthalate, and 0.10 m acetate; above pH 7 they were 0.05 m borate, 
0.05 m barbital, and 0.10 m bicarbonate. 


Glycine—When acetyluracil or acetylthymine is dissolved in 1.0 x 
glycine at pH 8.6 at 25°, a rapid reaction ensues and an 80 per cent yield of 
acetylglycine is produced. The product was assayed by the method of 
Katz, Lieberman, and Barker (6) and identified by paper chromatography 
in a solvent composed of sec-butanol, formic acid, and water in a 75:15:10 
ratio by volume. Acetyldihydrouracil also gives rise to acetylglycine in 
similar yields but at a much slower rate. 

Glutathione—Acetyluracil was allowed to react with a 5-fold excess of 
glutathione in 0.1 m succinate buffer at pH 5.4 at 25° for 2 hours. By the 
end of this period any unreacted acetyluracil would have been decomposed 
by hydrolysis. Assay of the reaction mixture by the Lipmann and Tuttle 
procedure (5) showed a quantitative formation of S-acetylglutathione. 
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The identity of the product was proved by paper chromatography in the 
above solvent. The chromatographic spots with an R, identical with that 
of synthetic S-acetylglutathione (7) gave a positive test with ninhydrin 
and a positive test with nitroprusside after, but not before, being sprayed 
with hydroxylamine (8). Acetylthymine reacts in an identical manner; 
acetyldihydrouracil gives no S-acetylglutathione whatever. 

Phosphate—When acetyluracil is dissolved in 1.0 m phosphate buffer at 
pH 7.4, acetyl phosphate is formed in a yield of about 50 per cent. Acetyl- 
thymine undergoes the same reaction. The acetyl phosphate formed in 
these reactions was identified (1) by paper electrophoresis in acetate 
buffer, pH 5.2, and in maleate buffer, pH 6.3, (2) by comparison of the 
decay curve of the product in water at 45° with that of authentic acetyl 
phosphate, and (3) enzymatically by conversion to acetyl coenzyme A 
with the enzyme phosphotransacetylase (9).2. Acetyldihydrouracil does 
not react perceptibly with orthophosphate. 


TABLE I 
Comparison of Chemical Reactivities of Acetyluracil and Acetyldihydrouracil 

















HO | NH:OH | Glycine | Phosphate | Glutathione 
=a ee ee ee nse Ce eee aes 
Acetyluracil...... nen ddonl — | + +} ‘+ rs 
Acetyldihydrouracil...... .| | ps 


x £ + | = 





A summary of the reactivities of acetyluracil and its dihydro derivative 
is given in Table I. 


DISCUSSION 


Although acetyldihydrouracil has been known for many years (3), its 
structure has never been proved. The purpose of this study, as set out in 
the introduction, required that the constitution of the compounds dealt 
with be known with assurance. The proof of structure of the compounds 
rests essentially on two types of evidence: (1) the chemical manipulations 
which are outlined in Fig. 1 and (2) comparison of infrared spectra with 
those of compounds of known constitution. 

Chemical Evidence—On acetylation, uracil undergoes a reaction in which 
1 of its 4 hydrogen atoms is replaced by an acetyl group which can be 
converted quantitatively to acethydroxamic acid under the gentle condi- 
tions of the Lipmann and Tuttle procedure (5). This acetyluracil differs 
from 5-acetyluracil (10) which yields an oxime with hydroxylamine and, 
ina like manner, cannot be 6-acetyluracil which would also be expected to 


*This experiment was very kindly performed for us by Dr. G. D. Novelli. 
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give an oxime. This leaves for consideration four positions: the 1- and 
3-nitrogen and the 2- and 4-oxygen atoms. 

The reactions depicted in Fig. 1 show that the acetyl group cannot be 
attached at either the 3-nitrogen or the 4-oxygen position. The proof 
depends on the replacement of the remaining active hydrogen atom in 
acetyldihydrouracil, IV, by a stable methyl group, which, after hydrolytic 
removal of the acetyl, is found to be fixed on the 3-nitrogen as 3-methyl- 
dihydrouracil, VI (11). Acetyldihydrouracil was used here instead of 
acetyluracil, II, after it was shown by mild hydrogenation that II could be 
converted to IV and that the acetyl group is therefore attached at the 
same ring position in both compounds. Methylation of IV with diazo- 
methane resulted in a monomethylated acetyldihydrouracil, V, which was 
readily hydrolyzed to the well known 3-methyldihydrouracil, VI. It is also 
clear from this observation that the point of attachment of the acetyl 
cannot be at the 4-oxygen, inasmuch as 4-acetyldihydrouracil, VII, does 
not possess a replaceable hydrogen atom on the 3-nitrogen. The acetyl 
group then must be bound at either the 1-nitrogen or the 2-oxygen. 

Although the experiments described above were done entirely on the 
uracils, it is probable, in view of the over-all similarity in reactivity of the 
uracils and thymines, that the structural considerations worked out for the 
former will apply with equal force to the latter. 

Spectral Evidence—In an effort to determine whether the acetyl group is 
on the 1-nitrogen or the 2-oxygen, the infrared spectra of these compounds 
were examined and compared with those of monomethyluracils of un- 
doubted constitution. These data are shown in Table II. It is apparent 


that the N—H bond frequencies of the acetylated pyrimidines are much 
closer in value to those of the corresponding 1-methyluracils than to those | 


of the 3-methyluracils. This confirms the conclusion arrived at chemically 
that the remaining reactive hydrogen atom of the acetylated pyrimidines 
is linked to the 3-nitrogen. Moreover, the similarity of the N—H fre- 
quencies of the acetyluracil and 1-methyluracil makes it highly probable 
that the acetyl is also situated on the 1-nitrogen, for, if the acetyl were 
on the 2-oxygen, a different frequency would reasonably be expected at the 
3-nitrogen. The interposition of the 2-carbonyl probably accounts for 
the identity of the frequencies at the 3-nitrogen in spite of the electronic 
disparity of the acetyl and methyl substituents. While it is recognized 
that the evidence for the assignment of the acetyl to the 1-nitrogen is not 
compelling, it is nevertheless regarded as probably correct. 

Comparison of the carbonyl frequencies of Table II leads to the same 
structural assignment. Acetyldihydrouracil, acetyldihydrothymine, and 
1-methyldihydrouracil have only one band in the 1700 cm.—! region, whereas 
3-methyldihydrouracil has two bands. There is no obvious explanation 
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and | for the appearance of only one carbonyl band in a compound with multiple 
carbonyl functions, but, for the purpose of structural proof, it is important 
t be} only to emphasize the striking similarity of the first three of the afore- 
roof | mentioned compounds. 

n in In connection with the differences in reactivity summarized in Table I, 
lytic |} the enormous labilizing effect on the acetyl group produced by the removal 


hyl- | of the 2 hydrogen atoms from carbons 5 and 6 of the dihydrouracil ring is 
d of } undoubtedly due to the influence of the 4-carbonyl on the 1-nitrogen 
d be 

, the TaBLe II 

1220- Infrared Frequencies of Some Substituted Uracils 

Was The spectra were taken in chloroform by using a Perkin-Elmer infrared spectrom- 


salso | eter, model 21. (We are indebted to Dr. Jesse F. Scott and Mrs. Maureen Wheeler 
cetyl for determining these spectra and for very helpful discussions of their interpreta- 
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* Obtained from the American Cyanamid Company through the courtesy of Dr. 
ically | John English. 


idines 
H fre- | exerted through the 5,6 double bond. In general reactivity, 1-acetyluracil 
ybable | and 1-acetylthymine are comparable to N-acetylimidazole (14). 
| were 
a te SUMMARY 
ts for By heating uracil and thymine with acetic anhydride it is possible to 
tronic | produce monoacetyl derivatives which, in aqueous solution, are powerful 
gnized } acetylating agents. These compounds are capable of acetylating ortho- 
is not | Phosphate, the sulfhydryl of glutathione, glycine, and hydroxylamine; 
they are also rapidly hydrolyzed in water. From chemical and spectral 
» same | ‘Vidence it is concluded that these compounds are 1-acetyluracil and 1- 
e, and acetylthymine. 
yhereas 1-Acetyldihydrouracil and 1-acetyldihydrothymine have also been 
nation } Prepared. These compounds react with glycine and hydroxylamine, but 
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not with phosphate or the sulfhydryl of glutathione. They are also very 
stable in water. 
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INDUCTION PERIOD IN THE LIPOXIDASE-CATALYZED 
OXIDATION OF LINOLEIC ACID AND ITS 
ABOLITION BY SUBSTRATE PEROXIDE* 


By JOSEPH L. HAININGT anp BERNARD AXELROD 
(From the Department of Biochemistry, Purdue University, Lafayette, Indiana) 


(Received for publication, December 30, 1957) 


The non-enzymatic oxidation of linoleate occurs with a definite induction 
period. Bolland has explained the kinetics of the oxidation in terms of a 
chain reaction involving free radicals (1). The discovery by Privett et al. 
(2) that the peroxide formed by the action of lipoxidase is optically active 
clearly rules out the possibility of a non-enzymatic chain sequence, but it 
is not impossible that a similar sequence could occur under the control of 
the enzyme. (For discussions of the mechanism and the possible role of 
chain reactions, see Bergstrém and Holman (3); Tappel e¢ al. (4); Lundberg 
(5); and Siddiqi and Tappel (6).) 

Although the occurrence of an induction period in the course of the enzy- 
matic reaction would not be prima facie evidence for a reaction sequence 
analogous to that found in autoxidation, its absence would support the 
opposite view. There appear to be definite indications, both direct and 
indirect, presently available, to show that an induction period exists in 
the enzymatic reaction. In Fig. 1 of Sumner and Smith (7) an induction 
period may be noted in the coupled oxidation of carotene, a mixture of 
soy bean fatty acids being used as the primary substrate. The data of 
Kies ((8) Table V) show a pronounced induction period when carotene 
destruction is employed as a criterion of the rate of linoleic acid oxidation. 
Holman (9) explicitly cites an induction period in the system, linoleic acid- 
bixin. Recently Tookey et al. (10) have presented additional evidence 
for an induction period in the linoleic acid-carotene system. The objection 
can be raised that the kinetics of the oxidation of a secondary substrate 
such as carotene or bixin may not parallel the primary action of the enzyme 
on the lipide. However, an induction period has been observed in the 
Worthington assay procedure in which linoleic acid is employed in the 
absence of a cosubstrate (11). 

On the other hand, data shown by Theorell et al. (12) indicate the 
absence of an induction period, and indeed the assay method proposed by 

*Journal Paper No. 1219 of the Purdue University Agricultural Experiment 
Station. 

tA portion of this material is taken from the research performed by Joseph L. 
Haining in partial fulfilment of the requirements for the degree of Master of Science. 


193 





XUM 








194 INDUCTION IN LIPOXIDASE REACTION 

these workers would seem to be predicated on the absence of such a period. 
Tappel et al. (13) also describe an assay method stated to involve no 
induction period. 

Since this matter may have a bearing on the mode of action of lipoxidase, 
it seems desirable that the anomaly be resolved. It is the purpose of the 
present paper (a) to establish clearly that an induction period does exist, 
(b) to show that it can be abolished by small amounts of reaction product, 
and (c) to offer an explanation for the failure of the induction period to 
be noted on some occasions. 


EXPERIMENTAL 


Materials—Highly purified linoleic, linolenic, and oleic acids and their 
methyl esters were obtained from the Hormel Foundation, Austin, Minne- 
sota. Upon being opened, the ampules of unsaturated lipides were indi- 
vidually placed in Thunberg tubes containing a desiccant (anhydrous 
calcium sulfate or anhydrous silica gel), evacuated, flushed with deoxy- 
genated nitrogen, and then stored at —20°. The evacuation and flushing 
procedure were followed whenever a portion of lipide was taken from these 
stocks. Commercial nitrogen was deoxygenated by passage through a 
train consisting of hot copper turnings, Fieser solution (14), concentrated 
sulfuric acid, and finally a desiccant. 

Enzymatically oxidized linoleic acid was prepared by use of the assay 
conditions described by Holman (15), but at 0° and with a very dilute 
lipoxidase solution. At the end of 2 hours the reaction was stopped by the 
addition of 2 ml. of absolute alcohol and peroxides determined on an aliquot 
by the method of Balls et al. (16). Measurement of the peroxide formed 
indicated virtually complete oxidation of the substrate. 

Enzymatically oxidized linolenic acid was prepared by the action of 
lipoxidase on a substrate mixture similar to the Worthington assay mixture 
described under “Methods,” but with linolenic acid. Measurement of 
diene conjugation indicated 25 per cent oxidation. 

Autoxidized methy] linoleate and linoleic acid were prepared by heating 
samples at 100° for 2 hours and then allowing them to stand at room tem- 
perature in air for several days. Autoxidized methyl oleate and oleic acid 
were obtained by maintaining the unoxidized compounds at 60° until 
sufficient oxidation had taken place. The extent of oxidation of these 
materials was determined as for enzymatically oxidized linoleate. 

Conversion of linoleate hydroperoxide to, presumably, the corresponding 
hydroxy diene was carried out by the addition of a 2- to 10-fold excess of 
NaBH, to the enzymatic reaction mixture obtained in the Holman proce- 
dure (15). After 30 to 60 minutes reaction time, the excess NaBH, was 
decomposed by acidifying the reaction mixture with HCl to pH 3.0. The 
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product was extracted with petroleum ether from which it was freed by 
evaporation under a stream of purified No. 

The enzyme used herein was a partially purified preparation of soy bean 
lipoxidase obtained by a combination of ammonium sulfate fractionation 
and differential elution from a Celite column. 

Methods—Lipoxidase activity was measured by the direct spectrophoto- 
metric assay developed by Tappel et al. (13) (except that the pH of the 
substrate solution was adjusted from 9.0 to 9.7 for the reason to be ex- 
plained below) or, more frequently, by a modification of the direct spectro- 
photometric assay for lipoxidase described by the Worthington Biochemical 
Corporation (11). This latter method was found more convenient because 
it utilizes a substrate stock solution which can easily be stored from day to 
day. The modified procedure is as follows: A substrate stock solution con- 
taining 1 mg. of linoleic acid per ml. is prepared by dissolving 100 mg. of 
the fatty acid in 60 ml. of absolute alcohol and diluting to 100 ml. with 
distilled water. The stock solution was kept at —20° when not in use. 

Just before use, the stock solution was diluted with 5 volumes of 0.2 m 
borate buffer at pH 9.0. Measurement of conjugated diene formation by 
absorbancy at 234 my showed negligible oxidation in 2 hours. In the assay, 
2.0 ml. of the diluted substrate were mixed with 1.0 ml. of enzyme, appro- 
priately diluted with distilled water just before use, in a cuvette having a 
light path of 1 cm., and the increase in absorbancy at 234 my followed by 
use of a Beckman DU spectrophotometer. All experiments were con- 
ducted at 25°. Glass-distilled water was employed in making up the rea- 
gents used in the assays. 


Results 


Demonstration of Induction Period—The presence of an induction period 
in the lipoxidase oxidation of sodium linoleate is clearly evident in Fig. 1, 
wherein the formation of conjugated diene is shown as a function of time. 
The reaction mixture was the same as that developed by Tappel eé al. 
(13), except that the pH of the substrate solution was 9.7 instead of 9.0. 
Precisely the same qualitative results were obtained with the Worthington 
substrate. Although the results shown in Fig. 1 were obtained with sub- 
strate in equilibrium with atmospheric Os, it was also found that saturation 
of the substrate with pure O2 as normally performed in the ‘Tappel’’ 
assay did not abolish the induction period. 

The induction phenomenon was also apparent when the enzymatic ac- 
tion was followed by measuring peroxide formation (Fig. 2). 

Effect of Oxidized Substrate on Induction Period—Because the aqueous 
substrate of Tappel et al. (13), described above, presents certain difficulties 
in storage and handling and because of the higher pH required for a spec- 
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Fig. 1. Occurrence of an induction period in the formation of conjugated diene 
by the action of lipoxidase upon linoleate. The reaction mixture consisted of 24 
ml. of 7 X 107? o linoleic acid in 0.1 M NH,OH-NH,Cl buffer (pH 9.7) + 0.6 ml. of 
diluted enzyme solution. One-half as much enzyme was used in Experiment A as 
in Experiment B. 
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MINUTES 


Fia. 2. Occurrence of an induction period in peroxide formation from linoleate by 
the action of lipoxidase. The reaction mixture contained 10 ml. of the Worthing 
ton substrate (5.92 uwmoles of linoleic acid) plus 2 ml. of suitable dilution of lipox: 
dase. Peroxide formation was determined on 1 ml. aliquots by the method of Balls 
et al. (16). Absorbancy was measured in an Evelyn colorimeter in 22 mm. diamete! 
tubes. Curve A, no addition; Curve B, 5.1 X 10-? ymole of linoleate peroxide added 
initially. 


196 








trally 
assay 
clear s 
sub-ze 

The 
matics 
in Fig. 
contai 





Fig. 
reaction 
2.5 X 10 
amount 
(see “M 


inducti 
peroxid 
oxidize 
the tot 
the init 
substra 
reactan 

As cx 


'The 
tion of ¢ 
the origi 





diene 
of 24 
ml. of 
t Aa 





leate by 
Torthing- 
of lipoxi- 
of Balls 
diameter 
le added 





J. L. HAINING AND B. AXELROD 197 


trally clear solution, the alcoholic soap substrate used in the Worthington 
assay was employed in most of these studies. This procedure yields a 
clear substrate solution at pH 9.0 and the stock solution can be stored at 
sub-zero temperatures without encountering solubility difficulties. 

The effect upon diene conjugation of adding various amounts of enzy- 
matically oxidized linoleate to the Worthington reaction mixture is shown 
in Fig. 3. Addition of 1 X 10-* umole of linoleate peroxide to the mixture 
containing 1.19 K 10-* mmole of substrate was sufficient to decrease the 
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MINUTES 
Fig. 3. Effect of oxidized linoleate upon the induction period in the lipoxidase 
reaction. Curve A, no addition; Curve B, 5 X 10-4; Curve C, 1 X 10-*; Curve D, 
2.5 X 10-8; Curve E, 5 X 10-* umole of linoleate peroxide added initially. A constant 


amount of enzyme was employed in each case in the modified Worthington assay 
(see ‘“Methods’’). 


induction period by one-half,! while the addition of 5 X 10-* umole of 
peroxide virtually abolished the induction period. These quantities of 
oxidized substrate represent less than 0.1 and 0.5 per cent, respectively, of 
the total fatty acid present. Autoxidized linoleic acid also accelerated 
the initial rate of the reaction. It was immaterial whether the oxidized 
substrate was added to the enzyme solution or to the substrate before the 
reactants were mixed. 


As could be expected, the abolition of the induction period by the addi- 
'The length of the induction period was determined by extending the linear por- 


tion of each curve toward the abscissa. The point at which the extended line left 
the original curve was taken as the end of the induction period. 
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tion of a small amount of enzymatically oxidized substrate was also noted 
when peroxide formation was used to follow the reaction (Fig. 2). 

It has been repeatedly observed that the induction period is of shorter 
duration when the quantity of enzyme is increased. However, except for 
relatively low concentrations of enzyme, the ultimate maximal rates tend 
to be the same with a given quantity of enzyme, regardless of the presence 
or absence of added peroxide. 
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Fig. 4. Effect of enzyme concentration upon the induction period and upon the | 
peroxide requirement in the modified Worthington assay. Curves 3 and 4 were } 
obtained with twice the enzyme concentration employed for Curves 1 and 2. 0, 
no added linoleate peroxide; @, 1 X 10-? umole of linoleate peroxide added initially, 
The induction time was 3, 1.5, 1.5, and 0.75 minutes for Curves 1, 2, 3, and 4, respec- 
tively. 


The quantity of initially added linoleate peroxide required to eliminate 
the induction period appears to be independent of the enzyme concentra- 
tion. Thus in Fig. 3, as noted above, 10-* umole of linoleate peroxide was 
required to halve the induction period. When no peroxide was added 
initially, doubling the quantity of enzyme reduced the induction period 
by one-half (Fig. 4). As in the case with the smaller quantity of enzyme, 
10-* umole of linoleate peroxide sufficed to cut the induction period in 
half. 

Effect of Linoleate Peroxide on Homogeneity of Substrate—In contrast to 
the “homogenous substrate of sodium linoleate at pH 9.0” described by 
Tappel et al. (13), we repeatedly obtained a cloudy suspension when fol- 
lowing their directions for the preparation of 7 X 10-* M linoleate from our 
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linoleic acid stocks. That the cloudiness was a function of the pH of the 
mixture and not due to an improper mixing of the neutralized fatty acid 
with the ammonium buffer was evident from the fact that, when the sus- 
pension at pH 9.0 was adjusted to pH 9.7 and then back again, the mixture 
first became clear and then cloudy again. Since the suspension at pH 9.0 
was too opaque for use in the spectrophotometer, it was adjusted to 9.7 
before being used. 

When slightly oxidized linoleic acid was used in preparing the Tappel 
substrate solution, it was found unnecessary to adjust the pH to a value 
greater than 9.0 in order to obtain a clear solution. Indeed, with increased 
oxidation of the linoleic acid before use, apparently homogenous soap solu- 
tions could be prepared at pH values below 9.0. As indicated previously, 
a corresponding decrease in the induction period was also observed with 
these substrate preparations in the Tappel assay. 

Specificity of Peroxide Requirement—Because of the seemingly catalytic 
behavior of oxidized substrate in the initiation of the lipoxidase reaction, 
the specificity of this requirement was investigated. Hydrogen peroxide, 
enzymatically oxidized linolenic acid and autoxidized methyl linoleate, 
methyl oleate, oleic acid, and cumene, tert-butyl, and undecylenic acid 
hydroperoxides were tested at various concentrations as substitutes for 
oxidized linoleic acid. All except the oxidized methyl linoleate and the 
linolenic acid were ineffective in this capacity at peroxide concentrations 
up to 2 per cent of the total amount of substrate. The oxidized linolenic 
acid was as effective as enzymatically oxidized linoleic acid but methy] li- 
noleate was only one-fifth as effective. 

Enzymatically produced linoleic acid hydroperoxide lost its effectiveness 
on reduction with NaBH,; hence the conjugated diene hydroxy compound 
was unsuitable in relieving the induction period. The fact that lipoxidase 
action could occur in the absence of added peroxide, although at a slow 
initial rate, suggested the possibility that the substrate might contain a 
small quantity of hydroperoxide despite the precautions taken. However, 
the peroxide content as found by the ferrous thiocyanate method (16) was 
less than 0.03 meq. per mmole of substrate. Treatment of the stock sub- 
strate with NaBH, did not alter the behavior of the substrate. Possibly 
non-enzymatic oxidation served to generate enough hydroperoxide to 
initiate the reaction. 

Effect of Surface-Active Agents—In contrast to the apparent high degree 
of specificity for the peroxide required to shorten the induction period, it 
was found that “Tween 60” (polyoxyethylene sorbitan monostearate) 
exerted a similar effect on the lipoxidase reaction. The possibility that the 
elect was due to contamination of the “Tween” with oxidized linoleic acid 
was unlikely for the following reasons: (1) Peroxidic products were not 
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detected in the undiluted “Tweens” when tested with the thiocyanate 
peroxide reagent (16); (2) a separate lot of “Tween 60” and ‘Tweens 20, 
40, and 80” (lauric, palmitic, and oleic side chains, respectively) was equally 
effective in reducing the length of the induction period; (3) ‘Triton X-100,” 
an octylphenoxyethanol derivative containing no fatty acids in its strue- 
ture, had the same effect as the ““Tweens.”’ 

On the other hand, the action of these surface-active agents on the 
lipoxidase reaction appears to differ somewhat from that of oxidized linoleic 
acid (Fig. 5). Although only catalytic amounts of oxidized linoleate were 





1.2 


0.8 


0.6 


0.4 


A ABSORBANCY (234 mp) 


0.2 














MINUTES 


Fia. 5. Effect of ‘Tween 20” upon the lipoxidase reaction. @, none; A, 0.5 mg; 
Wi, 1.0 mg.; X, 2.5 mg. of ‘‘Tween 20” added initially. A constant amount of enzyme 
was employed for each curve in the modified Worthington assay (see ‘‘Methods”). 


required completely to abolish the induction period, relatively large 
amounts of the ‘“Tweens” were required to shorten appreciably the induction 
period. Thus, for instance, linoleate hydroperoxide was about 1500 times 
as effective as ‘““Tween 20” since 1.5 X 10-* mmole of the latter was re 
quired to achieve approximately the same effect as 1.0 X 10-* mmole d 
the former. 

Furthermore, increasing amounts of “Tween” exerted an inhibitory 
effect and the induction period was not entirely abolished. It may bk 
seen that at non-inhibitory levels of ‘“Tween” the ultimate rate of diene 
conjugation was slightly greater than in the control, whereas with added 
oxidized linoleate the ultimate rate was the same as that of the contrd 
(Fig. 3). Although the results shown here were obtained with the “Worth- 
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ington” substrate, they could be essentially duplicated by use of the assay 
conditions of Tappel et al. (13) at pH 9.7. 


DISCUSSION 

It is quite clear, in confirmation of the results of others, that an induction 
period does exist in the lipoxidase-catalyzed oxidation of sodium linoleate. 
Further, this lag in obtaining the maximal reaction rate can be completely 
abolished by the presence of a small amount of oxidation product. The 
failure of some workers to observe such an induction may perhaps be 
attributed to the fact that extremely small amounts of oxidized substrate 
are sufficient for this action. It is suggested that the practice of saturating 
the substrate with O. may increase the hazard of forming some hydroperox- 
ide from the substrate non-enzymatically. Finally, the use of high con- 
centrations of enzyme telescopes the induction phase into such a small 
period that it may be unobserved. The very low requirement of linoleate 
peroxide suggests that the oxidation product, presumably linoleic hydro- 
peroxide, functions catalytically. It is interesting that only the peroxides 
of compounds which can serve as substrates for lipoxidase have this effect. 
Some time ago Holman (9) interpreted an induction period which he had 
observed in the O: uptake in a lipoxidase-bixin-linoleic acid system as 
evidence for the autocatalytic oxidation of linoleate initiated by lipoxidase. 
In view of the finding by Privett et al. (2) that the enzymatic oxidation 
product obtained from linoleic acid is optically active, one would qualify 


| “autocatalytic” with the addition of “under the direction of the enzyme,” 
| but otherwise it appears that Holman’s remarks may be applicable to our 


observation. 

Tempting as it is, the hypothesis that the reaction product is primarily 
concerned with the enzymatic mechanism is faced with the difficulty that 
the surfactants, which are clearly dissimilar to the substrates or the con- 
jugated diene peroxides arising from them, also tend to abolish the induc- 
tion period, albeit at relatively high concentrations. However, if it is 
merely the possession of additional hydrophilic groups that renders a fatty 
acid effective, one wonders why oleic acid hydroperoxide, or the conjugated 
diene hydroxy compound derived from the hydroperoxide of linoleate by 
NaBH, reduction, is not effective. It is conceivable that the effect of the 
specific fatty acid peroxides is indeed concerned with a surface phenomenon, 
but that the effect is exerted on the enzyme-substrate complex in such 
fashion that configuration is important. In the absence of additional 
experimental information, the answer can only be speculative. 


SUMMARY 


1. It has been verified that an induction period occurs in the course of 
the lipoxidase-catalyzed oxidation of fresh sodium linoleate. 
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2. The induction period can be abolished completely by the addition of 
catalytic amounts of enzymatically oxidized or autoxidized linoleate. 

3. Neither hydrogen peroxide, the autoxidation products of oleic acid 
and methyl oleate, nor the hydroperoxides of cumene, tert-butyl alcohol, 
and undecylenic acids could replace oxidized linoleate in this capacity, 
Enzymatically oxidized linolenate was quite as effective as oxidized sodium 
linoleate, while methyl] linoleate was somewhat inferior. 

4, Surface-active agents such as ‘Tween 60” were also found to reduce 
the length of the induction period. However, relatively large amounts 
were needed and the induction period was not completely abolished. 
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THE TRANSFER OF CARBON FROM PROPIONATE TO AMINO 
ACIDS IN INTACT COWS* 


By ARTHUR L. BLACK anp MAX KLEIBER 


(From the School of Veterinary Medicine and College of Agriculture, 
University of California, Davis, California) 


(Received for publication, December 17, 1957) 


Propionate, like acetate, is an active metabolite which arises from a 
variety of sources in animal tissues. It is produced during the metabolism 
of fatty acids which contain an odd number of carbon atoms (2) and which, 
as Shorland and Hansen (3) have shown, occur naturally in small amounts 
in triglycerides from various animal tissues. It arises also during the 
catabolism of certain amino acids including isoleucine (4), valine (5), 
methionine (6, 7), threonine (in part) (7, 8), and norleucine (7). In rumi- 
nants, large quantities of acetate and propionate arise in the rumen and 
together constitute an appreciable part of the daily caloric intake for these 
animals (9, 10). 

The metabolic fate of these two fatty acids is different, propionate being 
largely glucogenic (11, 12) while acetate is largely lipogenic (13) or keto- 
genic (14). Thus, one might expect a difference in their utilization for 
amino acid synthesis. In an earlier study with acetate-C, it was shown 
that, among the amino acids, those derived directly from tricarboxylic 
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_ acid cycle intermediates, glutamic and aspartic acids, had the greatest 


specific activities (15). 

The present study was undertaken to evaluate the role of propionate as 
aprecursor of amino acids in casein. Five cows were injected intravenously 
with propionate-1-C" or propionate-2-C™, and amino acids were recovered 
ftom nineteen samples of casein collected at different times after injection. 
The results indicated that propionate was equally as important as a pre- 





cursor for aspartic acid and serine as it was for carbohydrate. Surprisingly, 
ilanine, a glucogenic amino acid, was formed with relatively small specific 
activity. These results are considered together with those previously 
obtained from cows injected with acetate-C™ (15) and glucose-C™ (16). 


Methods 
Casein samples were prepared from milk collected 3, 10, 23, and 34 hours 
ifter injecting five normal lactating cows intravenously with a single dose 


*The work reported in this paper was supported by grants from the National 
Sience Foundation and the United States Atomic Energy Commission. Preliminary 
wsults were presented to the American Society of Biological Chemists, April, 1955 
il). 
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of 1 to 5 me. of propionate-1-C or propionate-2-C". The details concer. 
ing the animals used and compounds injected are given in Table I. 
Earlier publications have described the methods for casein hydrolysis 
ion exchange chromatography, ¢rystallization of amino acids, and C# 
assay (15). 


TaBLE I 
Data on Experimental Animals Used in Propionate Trials 








Trial No. | Cow No. | Weight Injected dose | Propionate injected 
7 Sr Py hh eeitea oak oe '_ t+... oan 
I 905 414 5.0 1-C 
II 913 495 4.6 1-C4 
III 965 469 5.0 2-C" 
IV 860 544 4.8 2-C 
VII 65 470 1.1 


9.Ci4 





RESULTS AND DISCUSSION 


The specific activities of the amino acids are listed in Tables II and III 
for trials with propionate-1-C™ and propionate-2-C", respectively. The 
specific activities, microcuries of C per gm. atom of carbon, are expressed 
relative to the injected dosages, microcuries injected per kilo of body 
weight, to compensate for differences in body size of the cows and the 
amounts of C* injected. 

The specific activity of the amino acids provides an index of their rek- 
tionship to propionate. One may assume that, among the compounds 
synthesized during the same interval, the greater the specific activity the 
more important the role of propionate as a precursor. Among the amino 
acids, the specific activity was greatest for serine or aspartic acid in the3 
hour milk samples for each cow injected with propionate-C™. Lactose 
from the same milk samples had specific activities no greater than those in 
serine or aspartic acid at 3 hours after injection, and the average specific 
activities for all three compounds were approximately equal during the #4 
hour experimental period. These results demonstrate that, quantitatively, 


1 The specific activities of lactose samples from propionate Trials I to IV have 
been published earlier (12). Subsequent to publication it was found that Lactose 
1, 2, and 4 of propionate Trial I contained small amounts of foreign material. The 
specific activity changed slightly after purification and recrystallization. The cor 
rected values are as follows: Lactose 1, 1.26; Lactose 2, 1.17; Lactose 4, 0.18. The 
specific activities of lactose samples in propionate Trial VII, not reported previously, 
were as follows: Lactose 1, 5.90; Lactose 2, 5.00; Lactose 3, 1.20. All specific activities 
are expressed as microcuries of C per gm. atom of carbon per unit of injected dos 
(microcuries injected per kilo of body weight) as explained in the text. 
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, Time | qaintemi- | Ac * 
Mo | after, | acd | acd 
| hrs. 

I 3 | 0.84 | 1.36 

| 10 | 0.642 | 0.85 
23 «| 0.268 | 0.30 

| 34 | 0.103 | 0.150 | 

1 | 3 | 2.99 | 5.72 | 

| 10 | 0.629 | 0.918 | 

| = | 0.127 | 0.165 | 
0.041 | 0.075 


34 | 
*Specific activity expressed 
injected per kilo of body weight). 
t Lysine instead of leucine. 
t Valine instead of leucine. 
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TaBie II 


Alanine | 


0.90 
0.87 
0.30 
0.182 | 
| 2.35 
0.78 
0.153 
| 0.069 | 


| 0.745 
| 0.29 


Serine 


1.06 


0.145 | 
3.44 


| 0.87 
| 0.262 


0.116 | 


TaBLe III 
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Specific Activity* of Amino Acids from Casein after Intravenous 
Injection of Propionate-1-C'* 


Arginine 


Leucine 


0.209 
0.210 
0.075 


| 0.042 


| Glycine | Proline 
— . 

| 0.72 ™ 

| 0.687 0.131 
0.335 | 0.035 
0.174 | 0.019 

| 2.71 |0.42 | 
1.03 |0.17 
0.332 | 0.049 


| 0.435 | 


0.28 
0.072 


0.165 |0.022|) 0.04 


0 

0.002 

0.006 
| 0.0027 


| 0.003t 


0.006t 





Specific Activity of Amino Acids from Casein after Intravenous 
Injection of Propionate-2-C' 


as (microcuries per gm. atom of C)/(microcuries 








| 














; | ‘ ; | | 
*y de |“ | i Alanine Serine | Glycine ae Aasiatns | 
hrs. | | | | 
| 3 7.26* | 8.72 2.2 7.15 | 1.21 | 0.63! 0.11 
| 10 | 5.51 | 5.44 3.57 4.92 | 1.98 | 0.67 | 0.46 
| 23 1.04 | 0.76 | 0.7 0.94 | 0.63 | 0.15| 0.14 
34 0.3 25 | 0.27 0.43 | 0.3 0.06 | 0.04 
Vi 3 3.22 2.61 | 2.39 4.36 | 1.34 | 0.44) 0.21 
10 | 3.53 | 2.89 | 3.38 5.0 | 2.15 |0.57| 0.41 
23 «| 0.99 0.77 | 0.93 1.13 | 0.76 | 0.17 | 0.18 
| 34 | 0.39 | 0.28 | 0.41 | 0.41 | 0.36 | 0.10] 0.08 
VI | 3 | 6.36 | 6.88 | 5.06 | 10.22 | 2.16 
| 10 5.0 | 4.11 | 3.89 4.68 | 
| 23 | 1.18 | 1.13 | 1.22 1.43 | 1.01 


Leucine 


0.000 
0.007t 
0.024T 


0.006 
0.009 
0.007 








thets of “‘infinite thickness.’’ 
t Valine instead of leucine. 


lor lactose. 
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* Specific activity of 7.26 uc. per gm. atom of C divided by microcuries injected 
per kilo of body weight = 2734 net c.p.m. in our counting system with BaCO; plan- 


ptopionate is as important a precursor for serine and aspartic acid as it is 
Since lactose is derived largely from blood sugar (17), it ap- 
wars that, in the cow, this comparison would hold for carbohydrates in 
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general. The importance of propionate as a precursor of sugar has been 
established in phlorizinized dogs (11), in intact rats (18, 19), in sheep (20), 
and in cows (12). The current study demonstrates its quantitative impor. 
tance in amino acid synthesis for cows. 

The specific activities of glutamic acid and alanine were, on the average, | 
lower than those of the three compounds discussed above. Glycine, pro- 
line, and arginine had very low specific activities, while leucine, valine, and 
lysine had only insignificant levels of C' derived from propionate. 

The relatively low specific activity of alanine was especially interesting. 
If propionate were oxidized to pyruvate, as suggested by Mahler and 
Huennekens (21), one would not expect alanine to have lower specific 
activities than other compounds such as serine, aspartic acid, and lactose, 
especially in the early samples. These results strongly indicate that, in 
the cow, pyruvate is not on the direct pathway for propionate metabolism. 
The results observed would not be inconsistent, however, with the metabo- 
lism of propionate via succinate (22). 

The specific activity among the amino acids and lactose after injection 
of propionate was quite different from that observed after injection of cows 
with acetate-C™ or glucose-C“. When cows were injected with uniformly 
labeled glucose (23), lactose was formed with the greatest specific activity, 
thereby reflecting the important role of glucose as a precursor of milk 
sugar. Among the amino acids, those derived from the glycolytic inter- 
mediates, serine and alanine, had approximately equal specific activities 
but at levels almost 3 times as great as those of aspartic and glutamic acids. 
These results demonstrated the importance of glucose as a precursor of the 
3-carbon amino acids in the cow (16). 

When cows were injected with acetate-1-C" or acetate-2-C™, glutamic 
and aspartic acids had the greatest specific activities. Alanine, serine, 
and lactose were formed with approximately equal specific activities but 
at levels only one-half to one-third as great as those of glutamic and as- 
partic acids. 

The results obtained after injection of propionate do not fit either of these 
patterns. One of the amino acids derived from glycolytic intermediates, 
serine, had a specific activity as great or greater than those of aspartic and 
glutamic acids, while the other “glycolytic” amino acid, alanine, had lower 
specific activities. The specific activity of lactose! followed more closely 
the specific activity of serine than that of alanine. 

The difference in labeling pattern among the amino acids and lactose 
after injection of glucose-C", on the one hand, or propionate-C", on the 
other, demonstrates that carbon from propionate is not converted to glucose 
prior to its appearance in amino acids. During the normal metabolism of 
propionate, some C™ will appear in glucose and subsequently in amino 
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— acids, but a major part of the transfer must follow a more direct pathway 
(20),| to the amino acids. 
\por- 


The metabolic scheme depicted in Fig. 1 provides a hypothetical basis 
for interpreting some of the results obtained in tracer studies with cows. 
rage,! Acetate enters the tricarboxylic acid cycle at the level of citrate, while 
PYo-| nropionate enters at the level of succinate. Carbon from each is dis- 
and | tributed subsequently to glutamic and aspartic acids and, via glycolytic 
intermediates, to alanine and serine and to lactose. The transfer of carbon 


ting. from glucose could be accounted for by essentially the same pathways but 
and in the reverse direction. 
ecific 


‘tose 


; Acetate Acetyl-COA 
£, 1 
tabo- 


Pyruvate ASPARTIC 








ction F a ACID 
cows Phospho -enol- pyruvate > Oxalacetate a-Ketoglutarate 
rmly GLUTAMIC 
ivity, ACID 
milk 
inter- Succinate 
vities ; 
acids. 3-Phospho-glycerate —— [SERINE-P C02 
of the ‘ 
Propionate 
tamic Glucose ——~LACTOSE 
erine, 


Fic. 1. Metabolic scheme for transfer of carbon from acetate, propionate, and 
s but glucose to amino acids and lactose. 


nd as- : — — ' 
One observation, however, is difficult to explain in terms of this scheme, 


these Namely that the specific activity of serine relative to alanine was greater 
liates, after injection of propionate than after injection of acetate. If propionate 
seal and acetate were metabolized via the same cyclic mechanism, then the 
lower SPecific activity of serine relative to alanine should have been the same 
Sead for both fatty acids. Carbon from either fatty acid, upon entering the 
* eyele, would label oxalacetate in the normal turnover of intermediates, and 
ase subsequent distribution of C', via phospho-enol-pyruvate, to alanine or 
n the serine (see Fig. 1) would be independent of the form in which C™ was 
Jucose *ministered, that is acetate or propionate. After injection of acetate-1- 
“it of C" or acetate-2-C™, the specific activities of alanine and serine were ap- 
amino Ptximately equal in seventeen of the eighteen casein samples on which 
determinations were made (15). In contrast, after injection of propionate- 


XUM 
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1-C™ or propionate-2-C™ (see Tables II and III), the specific activity of| 


serine always exceeded that of alanine in the 3 hour casein sample and was 
generally greater in later samples as well. These results cannot be ex. 
plained by a common tricarboxylic acid cycle for the metabolism of acetate 
and propionate. There are two explanations which may account for the 
observed results: (1) There is a more direct pathway from propionate to 
serine that does not involve the tricarboxylic acid cycle. (2) Propionate js 
metabolized, in part, via a cycle different from that involved in acetate 
metabolism. In this case, one could conclude that the cycle largely re. 
sponsible for propionate metabolism was more closely associated with the 
formation of serine than alanine. 

Data on the labeling pattern revealed by stepwise degradation of various 
compounds are now being collected and will provide additional information 
on the relationship between propionate and the amino acids. These data 
should help to decide between the possibilities listed above. 


SUMMARY 

Five lactating cows were injected intravenously with propionate-1-C" or 
propionate-2-C™, and the C™ level was measured in amino acids recovered 
subsequently from casein. 

The specific activities of aspartic acid, serine, and lactose from the same 
milk sample were very similar, indicating that propionate is as important 
a precursor of aspartic acid and serine as it is of carbohydrate. 

Alanine had a low specific activity relative to serine, in contrast to the 
results obtained after injection of glucose-C™ or acetate-C™. Our results 
indicate that propionate is not converted to pyruvate or glucose prior to 
its conversion to amino acids but probably follows a pathway via succinate. 
In this latter case, it would be necessary to postulate that succinate enters, 
at least in part, into a cyclic process distinct from that in which carbon 
from acetate is distributed to the amino acids of casein. 


The authors gratefully acknowledge the valuable technical assistance of 
Edna Yeh. 
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PHOSPHOROLYSIS OF OLIGORIBONUCLEOTIDES 
BY POLYNUCLEOTIDE PHOSPHORYLASE 
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(Received for publication, December 23, 1957) 


The enzyme polynucleotide phosphorylase catalyzes the over-all reaction 
described in Equation 1. 


Mg*t* 





n nucleoside-PP 





(nucleoside-P), + n inorganic P (1) 


This reversible reaction has been demonstrated with enzyme preparations 
from Azotobacter vinelandii (1, 2) and Escherichia coli (3). In the forward 
direction the enzyme catalyzes the formation of polyribonucleotides sim- 
ilar in structural details to natural RNA! (5-8). In the reverse reaction 
polyribonucleotides are phosphorolyzed to yield nucleoside diphosphates. 
The phosphorolysis of synthetic polymers made by the enzyme and the 
phosphorolysis of ribonucleic acids isolated from various natural sources 
have been studied by Ochoa and coworkers with the A. vinelandii enzyme 
(2,9), by Littauer and Kornberg with a preparation from EF. coli (3), and 
by Heppel.? Highly polymerized RNA preparations were phosphorolyzed 
at slower rates than the synthetic polymers; however, commercial RNA 
and RNA “core,” the limit polynucleotides obtained after exhaustive 


* Research Fellow of the National Institute of Arthritis and Metabolic Diseases, 
United States Public Health Service. 

!The following abbreviations are used: adenosine and uridine units are repre- 
sented by A and U, respectively; 5’-diphosphates of adenosine and uridine, ADP 
and UDP; 5’-nucleoside diphosphate, NDP; 5’-monophosphates of adenosine and 
uridine, AMP and UMP; 5’-triphosphate of adenosine, ATP; ribonucleic acid, RNA; 
polyadenylic acid, poly A; polyuridylic acid, poly U; mixed polymer of adenylic and 
uridylie acids, poly AU; tris(hydroxymethyl)aminomethane, Tris; reduced diphos- 
phopyridine nucleotide, DPNH; inorganic orthophosphate, Pi. Small polynucleo- 
tides are designated by a system proposed by Markham and Smith (4). A phosphate 
group is designated by ‘‘p’’; when placed to the right of a nucleoside symbol, the 
phosphate is esterified at C-3’ of the ribose moiety; when placed to the left of the 
nucleoside symbol, the phosphate is esterified at C-5’ of the ribose moiety. Thus, 
pApA is a dinucleotide with 1 phosphate monoesterified at C-5’ of an adenosine 
residue and a phospho diester bond between C-3’ of that same adenosine residue and 
C-5’ of the other adenosine group. The symbol -cyclic-p is used to designate a 
terminal 2’,3’-cyclic phospho diester moiety on a polynucleotide. Thus, UpU- 
cyclic-p is a dinucleotide with a 2’,3’-phosphate at the terminal ribose. 

? Cited by Littauer and Kornberg (3) and Ochoa (9). 


211 








212 PHOSPHOROLYSIS OF OLIGONUCLEOTIDES 


digestion of RNA with pancreatic ribonuclease, were attacked very slowly, 
ifatall. In the light of these data it was not possible to define any require. 
ments, by polynucleotide phosphorylase, for specific structural details ip 
the polynucleotide substrates. The preparations used were not of uni- 
form, known chain length and, in addition, the end group structures of the 
natural RNA preparations have not been clearly established. 

Heppel and coworkers recently described methods for the preparation of 
several homologous series of well characterized oligoribonucleotides (7, 8 
10). This made it possible to investigate the specificity of the phosphoro- 
lysis reaction. The experiments to be described in this paper indicate that 
polynucleotides with C-5’ phospho monoester end groups are readily phos- 
phorolyzed although those bearing C-3’ phospho monoester end groups are 
resistant to enzymic attack. The phospho monoester at C-5’ is not es- 
sential for activity, however, since oligonucleotides with no monoesterified 
phosphate groups, such as trinucleoside diphosphates, are phosphorolyzed. 
In addition, it was found that dinucleotides and dinucleoside monophos- 
phates are not attacked by polynucleotide phosphorylase, and these com- 





pounds accumulate as resistant end products when the phosphorolysis of | 


the larger oligonucleotides is studied. 
A preliminary report of these findings has been made (11). 


EXPERIMENTAL 


Materials—Polynucleotide phosphorylase was purified from E. coli by 
Dr. R. J. Hilmoe according to the procedure of Littauer and Kornberg (3). 
The fraction used is described as Ethanol I (3) and was dialyzed before use. 
The preparation contained 1 mg. of protein per ml. and had a specific ae- 
tivity of 15, determined by the “exchange” assay (Assay C) (3). The 
preparation of A. vinelandii polynucleotide phosphorylase was kindly sup- 
plied by Dr. S. Ochoa. The fraction was an eluate from Ca;(PQO,)s gel 


(12), contained 7.4 mg. of protein per ml., and had a specific activity of 40 | 


as measured with the “exchange” assay (Assay 2) (2). Crystalline bovine 
pancreatic ribonuclease was a commercial preparation (Armour, lot No. 
1044). Phosphomonoesterase was fractionated from human seminal 
plasma (4) after a preliminary treatment with protamine to remove nucleic 
acid material. The specific activity of this preparation was 3.7 X 10 
units per mg. of protein (1 unit of enzyme liberates 1 umole of inorganic 
phosphate per hour per 1.2 ml. of a reaction mixture containing 26 ymoles of 
AMP, in acetate buffer, pH 5.2). This enzyme preparation dephosphoryl- 
ated dinucleotides more slowly than mononucleotides. Therefore, for the 
preparation of dinucleoside monophosphates a great excess of enzyme was 
used. Even more enzyme was required to dephosphorylate oligonucleo- 
tides of chain length greater than 2. The preparation used in these experi- 
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ments was relatively free from phosphodiesterase activity, but, when it 
was used in the high concentrations required to dephosphorylate oligonu- 
cleotides, appreciable diesterase activity was noted. The nuclease from 
guinea pig liver nuclei, which liberates small polynucleotides with C-5’ 
phosphate end groups from poly A, has been described by Heppel and co- 
workers (10). A commercial preparation of lactic dehydrogenase (Worth- 
ington, crystalline) which was contaminated with pyruvate kinase was used 
as a source of both of these enzymes. Myokinase (63 units per ml., 0.8 
mg. of protein per ml.) was supplied by Dr. B. L. Horecker and was pre- 
pared according to the procedure of Colowick (13). 

Polymers were prepared from nucleoside diphosphates with the poly- 
nucleotide phosphorylase of EF. coli or A. vinelandii according to the pro- 
cedure of Grunberg-Manago and coworkers (2), but the method of isolation 
was slightly modified. After polymer formation at pH 8, the reaction mix- 
tures were adjusted to pH 7 with acetic acid. Polymer was precipitated 
with 3 volumes of ethanol, separated by centrifugation, dissolved in water, 
and reprecipitated in the same manner. The twice precipitated polymer 
was dissolved in water and the solution was deproteinized by shaking with 
0.25 volume of chloroform and 0.1 volume of isoamyl alcohol (14). The 
aqueous solution of polymer was then dialyzed against cold, running, dis- 
tilled water for 3 days and lyophilized. A sample of poly A prepared with 
the polynucleotide phosphorylase of Micrococcus lysodeikticus (15) was 
generously donated by Dr. R. F. Beers. 

All the mononucleotides used were commercial preparations (Sigma). 
Phosphoenolpyruvic acid was prepared by Mr. William E. Pricer, Jr., and 
DPNH was donated by Dr. B. L. Horecker. 

Paper Chromatography and Paper Electrophoresis—Several systems were 
used for the separation of mononucleotides and oligonucleotides on paper. 
Descending chromatography was carried out with the following solvent 
systems: System 1, isopropanol-water (70:30, v/v) with NH; in the vapor 
phase (16); System 2, isobutyric acid-1 m NH,OH-0.2 m ethylenediamine- 
tetraacetate (100:60:0.8, v/v/v) (17). ForSolvent 1, Whatman No. 33MM 
paper was used and for Solvent 2, Whatman No. 3MM or Whatman No. 1. 
Electrophoretic separations (referred to as System 3) were carried out ac- 
cording to Markham and Smith (16) on strips (57 X 10 em.) of Whatman 
No. 3MM paper saturated with 0.05 m ammonium formate buffer, pH 
3.5. A potential of 1000 volts was applied across the paper. Purine- and 
pyrimidine-containing compounds were located on the paper strips with an 
ultraviolet light which was also used to photograph the strips. When 
these methods of separation were used in a preparative way or to obtain 
materials for enzymic treatment, the purine and pyrimidine derivatives 


*We thank Dr. R. J. Hilmoe and Dr. L. A. Heppel for this preparation. 
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were eluted with water. When quantitative elution of the material was} incuba 
desired, the ultraviolet-containing areas were eluted with 0.01 N HCl for} phoryle 
6 hours at room temperature, and the concentration of the compound was All o 
determined by measuring the absorption of the eluate at an appropriate} spectT© 
wave length. From the adjacent region of the paper strip, an area of identi.| PreP 
cal size was cut out and eluted in order to correct for the ultraviolet-ab.| tides W 
sorbing material present in the paper itself. phoryl: 
Assay Procedures—In the procedure used (3), the phosphorolysis of residue 
polynucleotides was carried out in the presence of inorganic P®. The illustra 
resultant labeled nucleoside diphosphate (see Equation 1) was separated} Were 3’ 
from inorganic P® by adsorption onto charcoal and its radioactivity was} Were T 
measured. The reaction mixtures (0.125 ml.) contained the oligonucleo- them { 
tide or polymer, enzyme, 5 wmoles of Tris buffer, pH 8.0, 0.5 umole of develoy 
MgCls, and 3.2 umoles of P*-labeled sodium potassium phosphate buffer} The 
pH 7.4. After incubation at 37°, the reaction was stopped by adding 0.1 moiety 
ml. aliquots to 1.0 ml. of cold, 2.5 per cent perchloric acid. Acid-washed| phate | 
Norit A (0.1 ml. of a 10 per cent suspension, w/w) was added to adsorb the| ‘tinucl 
nucleotides. After 10 minutes in the cold, the suspension was centrifuged | scribed 
and the charcoal was washed three times with 2.5 ml. portions of water,, by the 
The charcoal was then suspended in 0.8 ml. of 50 per cent ethanol contain-| 4. A 
ing 0.3 ml. of concentrated NH,OH per 100 ml. An aliquot of this sus-| tion m 
pension (usually 0.1 ml.) was placed on a copper planchet, dried, and the | Phate 
radioactivity determined with a thin window, gas flow counter. The total °®2Y™' 
counts per minute incorporated into charcoal-adsorbable material were de-. % av", 
termined and from the specific radioactivity of the inorganic P® the micro. neuba 
moles of phosphate incorporated were calculated. A self-absorption factor | Coneem 
of 1.15 (3) was applied. Two control incubations, one containing no sub-| “ght « 
strate and one containing no enzyme, were generally carried through the and ch 
whole procedure with each experiment, and the results presented have been nucleo 
corrected for the small amount of radioactivity adsorbed onto the charcoal | and th 
from these samples. | - ol 
When the products of phosphorolysis were to be isolated, the reactions = : 
were carried out in the same manner but on a larger scale. Nucleotides ip 
were eluted from charcoal by four treatments with 0.8 ml. of ethanolic saat 
ammonia; the ethanol supernatant fluids were pooled and concentrated 
before chromatography. “i 
The phosphorolysis of polynucleotides was also measured by determining eine 
the nucleoside diphosphate formed with the spectrophotometric procedure | moles « 
of Kornberg and Pricer (18). The application of this method to the de-| by € = 
termination of polynucleotide phosphorylase activity has been described - e 
by Ochoa and Heppel (6). Myokinase was added to the assay system to | 4 a 
reconvert to ADP any AMP and ATP that had been formed in the original | dinuel 
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| was} incubation as a result of myokinase activity in the polynucleotide phos- 
‘| for} phorylase preparation. UDP was also measured by this method (19). 
1 was} All optical measurements were varried out with a Beckman model DU 
riate| spectrophotometer. 
lenti.| Preparation of Oligonucleotides—Five series of homologous oligonucleo- 
t-ab.| tides were prepared in order to study the specificity of polynucleotide phos- 
phorylase. Each series included compounds of 2, 3, and 4 nucleoside 
is of | residues and the structure of a representative member of each group is 
The} illustrated in Fig. 1. In every compound studied, the internucleoside links 
rated | were 3’,5’-phospho diester bonds. The oligonucleotides used in this work 
- was | were recently investigated by Heppel and coworkers (7, 8, 10), who isolated 
cleo.| them from biosynthetic polymers and characterized them by methods 
le of developed by Markham and Smith (4), Volkin and Cohn (20), and others. 
uffer, The compounds in Group I contained adenosine as the only nucleoside 
g 0.1} moiety and each of the three oligonucleotides had a monoesterified phos- 
ished | phate at C-5’ of the terminal nucleoside (7, 10). The structure of the 
b the trinucleotide, pApApA, is shown in Fig. 1. These compounds were de- 
‘uged | scribed and characterized by Heppel and coworkers (7, 10) and are formed 
ater, by the action of a nuclease from guinea pig liver nuclei on synthetic poly 
‘tain- | A. Atypical preparation was carried out in the following way: The incuba- 
. sys. | tion mixture (30 ml.) contained 400 ymoles of MgCl, 800 umoles of phos- 
d the phate buffer, pH 7.2, 80 mg. of poly A (M. lysodeikticus), and 5 ml. of 
total | enzyme containing about 30 mg. of protein. After 6 hours of incubation 
ede. at 37°, toluene was added to inhibit bacterial growth. After 24 hours of 
ticro- _ incubation the mixture was cooled, deproteinized with chloroform (14), and 
actor concentrated by lyophilization. The resulting solution was divided into 
‘sub-| eight equal portions and each was applied as a thin band to filter paper 
h the | and chromatographed for 64 hours in System 1. The di-, tri-, and tetra- 
‘been | nucleotides (pApA, pApApA, and pApApApA) were eluted from the papers 





Pe _ 
woul | and the eluates were concentrated at 40° in a stream of air. The concentra- 
tion of oligonucleotide was estimated by measuring the ultraviolet absorp- 
. | tion of the eluate at 257 mu and applying the extinction coefficient for 
‘tions : : at : : : ‘ . 
‘ adenylic acid.4| The dinucleotide (pApA) that was obtained in this way 
rtides ' : ae EPs 
ie | Wa contaminated with ADP and inorganic P and was further purified by 
inolie ; 
paper electrophoresis. 
rated 
‘It was assumed for this work that the molar extinction coefficient of an oligo- 
ining nucleotide is approximated by the sum of the molar extinction coefficients of its 
L 


constituent nucleotides. For example, the concentration C of ApApUp in micro- 
edure | moles of oligonucleotide per ml., when the absorption is measured at pH 2, is given 
ie de- | by C = Abs.o¢0/(2(15.1) + 10.0), where the molar extinction coefficients for AMP 
ribed and UMP are 15,100 and 10,000, respectively. Recent unpublished experiments by 
the present author indicate that, after alkaline hydrolysis, the absorption of pApApA 
at 257 mu and pH 7 increases by approximately 15 per cent. Enzymic hydrolysis of 
dinucleotides in the deoxyribose series also results in an increased absorption (21). 
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The compounds of Group II were derived from those of Group I by the 
removal of the monoesterified phosphate at C-5’ by human seminal plasma 
phosphomonoesterase (7, 10). The structure of the trinucleoside diphos. 
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Trinucleotide of Group V 
Fig. 1. Outline structures of the trinucleotides and trinucleoside diphosphates 


phate (ApApA), which was derived from pApApA, is shown in Fig. 1. 
The di-, tri-, or tetranucleotide of Group I was incubated with monoesterase 
under the conditions described by Heppel and coworkers (7), and the cor- 
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- the | responding nucleoside derivatives were separated by chromatography in 

sma | System 1 (10). The products were obtained from the paper strips in the 
hos. | ‘manner described for the compounds of Group I. 

The three oligonucleotides in Group III were obtained by exhaustive 

nine | digestion of poly AU with ribonuclease (8). The structure of the trinucleo- 

| tide, ApApUp, is shown in Fig. 1. These oligonucleotides contained vary- 

ing numbers of adenosine residues but each had a terminal uridine unit 

with a monoesterified phosphate at its C-3’. Thus the homologous di- 

and tetranucleotides were ApUp and ApApApUp, respectively. The 

st electrophoretic and chromatographic properties of these compounds and 

the methods of identification have been recorded by Markham and Smith 

| (4) and Volkin and Cohn (20). In a typical preparation, 15 mg. of poly 

AU were incubated with 0.6 mg. of ribonuclease for 16 hours at 37° in 

| 0.05 m Tris buffer, pH 8 (total volume equal to 1.7 ml.). The mixture was 


~~? deproteinized as described above (14), and the aqueous layer was concen- 
trated, applied to paper, and chromatographed in System 1. The bands 
obtained were eluted and the absorption of the eluates at 260 my was de- 
” termined. The sum of the extinction coefficients for each mononucleotide 


. residue was used to estimate concentration of the oligonucleotide.‘ 

. The dinucleoside monophosphate ApU, trinucleoside diphosphate 
| ApApU, and tetranucleoside triphosphate ApApApU of Group IV were 
_ | obtained from the corresponding oligonucleotides of Group III by treat- 
ment with seminal phosphomonoesterase, exactly as described for the 


3 preparation of Group II from Group I. The properties of the compounds 
in Group IV are described in the literature (8, 4, 20) and differ from those 
of Group II in that the terminal nucleoside is uridine (see Fig. 1). The 

—_ concentrations of these compounds were estimated as described for Group 


Ill. 

The last homologous series of oligonucleotides (Group V) was obtained 
| from the controlled digestion of poly U with small amounts of ribonuclease 
| (7). Each member of the group contained exclusively uridine residues 
_ with a eyclic-terminal phospho diester moiety. The structure of the cyclic 
terminal trinucleotide, UpUpU-cyclic-p, is shown in Fig. 1. These com- 
pounds were separated by chromatography in Solvent 1 and were eluted 
from the papers with water. By applying the extinction coefficient for 
uridylic acid,* the concentrations of the oligonucleotides were determined 
by measuring the absorption of the eluates at 262 mu. 


ates 


Results 


ig. 1. The trinucleotide and tetranucleotide of Group I, which had a phospho 
erase | Monoester group at C-5’, were readily phosphorolyzed by the polynucleo- 
» cor | tide phosphorylases of Z. coli and A. vinelandii (Table 1). The compounds 
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of Group III, which contained a phospho monoester moiety at C-3’, were, 
however, resistant to phosphorolysis by either of the enzymes (Table II), 
The data in Table II suggested that ApApApUp was very slowly cleaved 
by the A. vinelandii enzyme, but this was not confirmed by other studies 
with both enzyme fractions. Incubation was carried out as in Table I] 
but for a period of 24 hours; chromatographic investigation of the reaction 


TaBLeE I 
Phosphorolysis of Compounds in Group I and II 


E. coli experiment 


A. vinelandii experiment 


Group No. Substrate 


Substrate |...) 0.4. | Rate of Substrate |». - | Rate of 
Total radi- : . Total radi- 2 

(rations | sctivityt | ROWsERe | rations |oactivityt | Puostr 

_ : | pmole per ml.| c.p.m. pmole io ml. aiels - 
I | pApA 0.3 | 0 0.0 0.6 130 | 0.0 
pApApA 0.3 3470 0.6 0.6 3,700 0.7 
pApApApA 0.4 8910 1.4 0.7 12,780 2.6 
II ApA 0.4 0 0.0 0.7 18 0.0 
ApApA | 0.4 1899 | 0.3 0.7 2,280) 0.5 
ApApApA 0.3 6080 1.0 0.9 6,380 1.3 
Poly A 0.9 4620 9.3 0.9 3,880 7.4 


* Concentrations are expressed in terms of adenosine equivalents. To obtain the 
concentration as oligonucleotide, divide by the chain length. 

+ Total number of counts per minute adsorbed onto charcoal. 

t Micromoles of phosphate incorporated into charcoal-adsorbable compounds per 
hour per mg. of protein. In the experiment with the Z. coli enzyme, each tube con- 





tained 786,000 c.p.m. as P;** and 25 y of protein except for the poly A incubation | 


mixture, which contained 2 y of protein; incubation time, 1 hour. In the experiment 
with the A. vinelandii enzyme, each tube contained 556,000 c.p.m. as P;** and 14 
of protein except for the poly A incubation mixture, which contained 1.5 y of protein; 
incubation time, 2 hours. The other components of the reaction mixtures and the 
procedures are described under the section on methods. 


mixtures failed to reveal any significant breakdown of ApApApUp. The 
remaining data in Tables I and II show that, although the C-3’ phospho 
monoester moiety inhibits the phosphorolysis of an oligonucleotide, the 
C-5’ phospho monoester group is not a structural requirement for enzymic 
action. Thus ApApA and ApApApA (Table I) as well as ApApU and 
ApApApU (Table II) were phosphorolyzed at rates that do not differ 
greatly from those found with pApApA and pApApApA. It was also 


found that the three compounds in Group V, which contain the terminal 
cyclic-p, were completely resistant to enzymic attack. 
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Only qualitative conclusions may be drawn from the relative rates of 
phosphorolysis given in Tables I and II. Insufficient amounts of material 
made it impossible to conduct the experiments at saturating substrate 
concentrations and only the following limited conclusions concerning rates 
can be drawn: (1) with equivalent concentrations of active oligonucleotide, 
the tetranucleoside derivative is phosphorolyzed more rapidly than is the 


TaBLeE II 
Phosphorolysis of Compounds in Group III and IV 
E. coli experiment A. vinelandii experiment 
Group No. Substrate Raisin. F | Rate of Substrate . | Rate of 
sh Total radi- “ eps ences Total radi- wee 
trations /oactvityt | Pepsehe’ | cations | oactivityt | Mesh 
iy sanele per ml. cfm. pmole on ol. c.p.m. 

III ApUp 0.4 0 0.0 0.7 399 0.0 
ApApUp 0.3 18 0.0 0.8 340 0.0 
ApApApUp 0.3 110 0.0 0.8 | 1682 0.1 

IV ApU 0.3 0 0.0 0.6 115 0.0 
ApApU 0.3 644 0.2 0.6 4640 0.4 
ApApApU 0.3 | 2600 0.8 0.3 | 3145 0.3 
Poly A 0.9 1781 10.4 | 0.9 3365 5.6 


*Concentrations are expressed in terms of nucleoside equivalents. To obtain 
the concentration, as oligonucleotide, divide by the chain length. 

t Total number of counts per minute adsorbed onto charcoal. 

t Micromoles of phosphate incorporated into charcoal-adsorbable compounds per 
hour per mg. of protein. In the experiment with the £. coli enzyme, each tube con- 
tained 544,000 c.p.m. as P;** and 20 y of protein except for the poly A incubation 
mixture, which contained 1 y of protein; incubation time, 1 hour. In the experiment 
with the A. vinelandii enzyme, each tube contained 628,000 c.p.m. as P;** and 30 y 
of protein except for the poly A incubation mixture, which contained 1.5 y of pro- 
tein; incubation time, 2 hours. The other components of the reaction mixtures and 
the procedures are described under the section on methods. 


trinucleoside derivative, (2) the rates of phosphorolysis of corresponding 
members of the several groups are of the same order of magnitude, as for 
example pApApA, ApApA, and ApApU. Data on the phosphorolysis of 
poly A are included as a standard for comparison of rates and were obtained 
at a concentration of polymer which afforded a maximal reaction rate. 
Preliminary experiments carried out with pApApA indicated that a con- 
centration of 2.3 wmoles per ml. as adenosine units (0.8 umole per ml. as 
trinucleotide) was sufficient to saturate the EZ. coli enzyme. When both 
were tested at saturating concentrations, the rate of phosphorolysis of 
pApApA exceeded that found for poly A by a factor of approximately 
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2-fold. The phosphorolysis of oligonucleotide attained a maximal rate at 
10~? mM inorganic P and required Mgt*+ ion. 

The production of nucleoside diphosphates as one of the products of the 
phosphorolysis of oligonucleotides was demonstrated by the spectrophoto- 
metric assay as well as by the chromatographic evidence discussed below. 


TaB_e III 
Production of Nucleoside Diphosphates from Oligonucleotides 











. . ~. m P;*? incorporated Nucleoside 
E} t | , Substrat , rte - 
— | Substrate Pn ns ype Se se ome 
| motes per mt. =| pmole | Smale 
1 pApA 1.8 0.00 0.00 
| pApApA 1.6 0.13 0.14 
2 pApApApA 1.4 0.14 0.19 
ApApA 1.3 0.03 0.03 
| ApApApA 0.6 0.04 0.04 
3 | ApU | 0.5 0.00 0.00 
| ApApU 0.6 0.02 | 0.02 
| ApApApU 0.5 0.04 0.04 








* Concentrations are expressed in terms of nucleoside units. To obtain the con- 
centration, as oligonucleotide, divide by the chain length. The incubation mixtures 
were as described in the section on methods, except that the scale was doubled (final 


volume, 0.25 ml.). The Z#. coli enzyme was added in the following amounts: 20 y in | 


Experiments 1 and 2, and 30 y in Experiment 3. After incubation for 2 hours at 37°, 
0.1 ml. was treated as described for the standard assay to determine the micromoles 
of P;*®* incorporated into charcoal-adsorbable compounds. Another 0.1 ml. aliquot 


was diluted to 0.5 ml. (Experiment 1) or 0.4 ml. (Experiments 2 and 3) with H,0, | 


heated for 2 minutes at 100°, centrifuged to remove the protein, and 0.30 ml. aliquots 
of the supernatant fluid were used to determine ADP or UDP. The components of 
the assay system (1.00 ml. in a cuvette with a 1.0 em. light path) were 5 umoles of 
MgCl., 0.4 umole of phosphoenolpyruvate, 0.1 umole of DPNH, 0.005 ml. of myo- 
kinase, and 0.005 ml. of lactic dehydrogenase containing pyruvate kinase. 


The data in Table III show that the amount of inorganic P* incorporated 
into charcoal-adsorbable compounds was equal to the nucleoside diphos- 
phate formed. 

It was found that dinucleotides and dinucleoside monophosphates did 
not undergo phosphorolysis (Tables I, II, and III). This was true regard- 
less of the nature of the end group on the compound containing 2 nucleoside 
units. A similar conclusion was reached when the phosphorolysis of 
pApApA and pApApApaA was studied as a function of time and the reac- 
tions were allowed to go to completion. Fig. 2 shows that poly A was 
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te at | phosphorolyzed approximately 100 per cent; that is, the inorganic P® in- 
corporated into charcoal-adsorbable nucleotides when the reaction stopped 
f the | was equivalent to the micromoles of polymer (expressed as adenine res- 
hoto- | idues) originally added. With the trinucleotide, however, inorganic P® 
elow, | uptake ceased when | ymole of phosphate had been consumed per 3 ymoles 
of adenine residues, or, to express this in another way, when 1 phosphate 
molecule had been incorporated per molecule of trinucleotide (Fig. 2). 
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ss alins Fig. 2. Phosphorolysis of A polymer, pApApA, and pApApApA. Reaction 


ints mixtures were as described in the section on methods but the scale was doubled. 
d (final The concentrations of poly A, pApApA, and pApApApA were 0.9, 2.5, and 1.1 umoles 
20 » in | of adenine units per ml., respectively. Each tube contained 13 X 10° c.p.m. as P;**. 
at 37° E. coli enzyme was added as follows: 2 y for poly A, 20 y for pApApA, and 10 y for 
-omoles | PAPAPApA. Aliquots (0.05 ml.) of the reaction mixtures were removed at the indi- 
aliquot cated times. The results are expressed as the ratio of the total number of micro- 
h H.0, moles of P;*® incorporated into charcoal-adsorbable compounds to the number of 
liquots micromoles of substrate (as adenine units) present in the incubation. 


ents of 
noles of | This suggested that the reaction proceeded according to the following 
of myo- | equation 


pApApA + P; — pApA + ADP (2) 


orated | and came to a halt when the limit dinucleotide was formed. Similarly, 
liphos- | with the tetranucleotide, the incorporation of inorganic P® ceased when 2 
umoles of phosphate were taken up per micromole of tetranucleotide (Fig. 
tes did} 2), again indicating that the dinucleotide is an end product of phosphoroly- 
regart- sis. It should be mentioned that the accumulation of such a limit di- 
leoside nucleotide during the phosphorolysis of poly A would have been too small 
ysis of | to detect in this experiment. 

e Teac A dinucleotide tentatively identified as cyclic dianhydrodiadenylic acid 
A wis! was also tested as a substrate for E. coli polynucleotide phosphorylase. 
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Neither thechemically prepared material (22) nor that obtained from mam- }  dinw 
malian tissues (23) was phosphorolyzed by the enzyme.® Tabl 

Identification of Reaction Products—Chromatographic investigation of the | othe 
reaction products confirmed the identification of the nucleoside diphos- 
phates and also showed that a dinucleotide or dinucleoside monophosphate, 
depending on the starting substance, accumulates during the phosphoro- 
lysis of trinucleoside or tetranucleoside derivatives. Reaction mixtures 
were treated as described under the section on methods and nucleotide 
material was eluted from the washed charcoal by successive treatments 
with ethanolic ammonia. The eluates were chromatographed in appropri- 
ate solvents, along with suitable markers, and the ultraviolet-absorbing 
spots were then eluted and treated in various ways to confirm their identity, 
In one typical experiment, the substrate was pApApApA and the charcoal 
eluate was chromatographed in solvent System 2. Fig. 3, a is a photograph 
of that chromatogram. The markers are on the left and the reaction mix- 
ture on the right. The most rapidly moving area (c) contained the di- 
nucleotide pApA and will be discussed in detail. The next area (b) cor 
responds in Ry to ADP and the slowest moving area (a) to ATP. ATP 
arises from ADP owing to myokinase present in the FH. coli enzyme prep- 
aration, and the AMP that is also formed is mixed with pApA in the fastest 
moving area. The ADP area (b) was eluted and its specific radioactivity 
determined. The data in Table IV give the specific activity of the ADP 
as well as that of the ADP and UDP isolated by similar techniques from 
the phosphorolysis of the other oligonucleotides. In each case, the spe- 
cific radioactivity of the nucleoside diphosphate was equal to that of the 








inorganic P® present in the incubation mixture. Included in Table IV are} ¢ - 
the R,y values of authentic samples of the nucleoside diphosphates and those | 5 mo 
found for the isolated materials. As indicated in Table IV, this procedure | ¢.p.m 
did not afford quantitative recovery of the products. = 

seribe 


In the experiment with pApApApA (Fig. 3, a) the material with the th 
highest R, in Solvent 2 (Area c) was eluted and portions of it were subjected se 
to analysis by Systems 1 and 3. A photograph which demonstrates the ¢ left. 
paper electrophoresis of this material is shown in Fig. 3, b. The known f asay 
markers are indicated; the eluate from Area ¢ of Fig. 3, a had the mobility | Shown 


of pApA. In System 1 the major portion of the material also behaved as phore 
pApA (Table V). Similar techniques were used to identify pApA asa | 
product of the phosphorolysis of pApApA, and ApA as a product of the phosy 
phosphorolysis of ApApA, ApApApA, ApApU, and ApApApU (Table V). lated 
The solvent system used for the initial separation of the dinucleotide or i 
5 We are indebted to Dr. Markham for a sample of the synthetic material and to — |, wh 
Dr. Rall for a sample of the isolated compound. 9 96 
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1am- | dinucleoside monophosphate from the nucleoside diphosphate is shown in 
Table V; the material was eluted from the paper and then subjected to the 
{the | other treatments indicated. The dinucleotides and dinucleoside mono- 
yhos- 
hate, 
noro- 
tures 
otide 
nents 
‘opri- 
rbing 
atity. 
ircoal 
yraph 
| mix- 
ne di- 
) cor- 
ATP 
prep- 
astest 
tivity 
ADP 
; from 
€ spe- 


of the Fig. 3. (a), ultraviolet photograph of paper chromatogram showing the products 
IV are } of phosphorolysis of pApApApA. The reaction mixture (0.15 ml. volume) contained 
1 those 5umoles of Tris buffer, pH 8, 0.5 umole of MgCls, 3.2 umoles of P;** containing 596,000 
cedure e.p.m., 20 y of £. coli enzyme, and 0.3 wmole of pApApApA (expressed as adenosine 
units). Incubation time, 1.5 hours at 37°. The entire mixture was treated as de- 
scribed in the section on methods and the washed charcoal was eluted three times 

















th the | with 0.8 ml. of ethanolic ammonia. The eluate was concentrated, applied to paper, 
rjected and chromatographed for 20 hours in System 2. The known compounds are on the 
tes the ¢ left. (6), ultraviolet photograph of paper electrophoresis strip demonstrating pApA 
known — asa product of the phosphorolysis of pApApApA. Area c of the chromatogram 
obility shown in (a) was eluted with water, concentrated, and subjected to paper electro- 


ived as phoresis (System 3) for 2 hours. 


A asa F ; a - 
of the phosphates isolated were devoid of any radioactivity. The pApA iso- 


ble V). lated from the phosphorolysis of pApApA was, in addition, treated with 
, semen monoesterase as described for the preparation of the compounds of 
Group II. The product ApA was identified by chromatography in Solvent 
J andto § 1, where it had an Rsayp (Re relative to the Rr of 5’-AMP) equal to 
2.23. The Ry amp of known ApA was 2.24, and that for pApA was 0.42. 


tide or 
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TABLE IV 
Identification of ADP and UDP as Products of Oligonucleotide Phosphorol ysis 








Substrate P ; ane 
= NDP inns. ¥ | NDP — - 
icaees produced gat ae eluted NDI Pitt 
trationt 
pmole c.p.m. “. pat 
pApApA 0.3 ADP | 0.42 | 0.37 | 0.024 | 3,700 | 150,000 | 180,00 
pApApApA 0.3 0.36 0.36 | 0.014 | 2,900 | 210,000 | 190,000 
ApApA. 0.6 ig: 0.48 0.43 | 0.041 5,400 | 130,000 | 140,00 
ApApApA 0.5 “ 0.30 | 0.29 | 0.064 | 9,700 | 150,000 | 150,000 
ApApU.. 0.7 UDP 0.17 0.19 | 0.110 | 18,400 | 170,000 | 160,00 
ApApApU 0.6 es 0.22 0.22 0.108 | 16,800 | 160,000 | 160,00 
ADP 0.45 0.46 | 0.045 160,000 


6,500 | 140,000 





* Rr values in solvent System 2. 

t Specific radioactivity, in counts per minute per micromole, of inorganic P® 
present in the incubation mixture. 

t Substrate concentrations are expressed as nucleoside units present in a 0.15 ml. 
incubation mixture. These experiments were carried out in a manner similar to 
that described for the experiment of Fig. 3. The £. coli enzyme was used. The 
data for pApApApA here were obtained from that experiment. The nucleoside 
diphosphate area on the chromatogram was quantitatively eluted, its ultraviolet 
absorption determined to give the micromoles of ADP produced, and the radioactiy- 
ity of the eluate was determined on a suitable aliquot. 
the data for the other compounds. 


Similar manipulations gave 


TABLE V 
Identification of Dinucleotides and Dinucleoside Monophosphates as Products 
of Oligonucleotide Phosphorolysis 


System 2* System 1 System 3t 
Substrate Pa. 0 - 
| derivative | Rha | Re | RecaMe | ay-aue | MoBILY. | Moi 
compound : compoundt are compound — 
pApApA pApA 0.48 0.48 0.40 0.45 9.1 8.9 
pApApApA pApA 0.49 0.47 0.44 0.43 10.9 10.9 
ApApA ApA 0.73 0.73 1.9 1.9 4.7 4.6 
ApApApA ApA 0.67 0.62 2.0 2.0 
ApApU ApA 0.74 0.70 2.0 2.2 4.0 4.4 
ApApApU ApA 0.74 0.74 2.0 2.2 


* System used to separate dinucleoside derivative from nucleoside diphosphate 
and nucleoside triphosphate. 

Tt Mobility is calculated as em. per 2 hours per 1000 volts applied. 

t Rs--amp gives the Rp relative to the Rp of 5’-AMP. The dinucleoside derivative 
end products were obtained from the same experiments described for Table IV, o 
from similar experiments. The experiment for pApApApaA is described in detail in 
the text and in Fig. 3. The charcoal eluates were chromatographed in System 2 to 
separate the products, the pApA and ApA areas were eluted and concentrated, and 
samples were subjected to chromatography in System 1 and paper electrophoresis, 
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In one experiment, all the products of phosphorolysis of pApApA were 
eluted quantitatively from a paper chromatogram run in System 2, and the 
yield of each substance was determined. It was assumed, for the purpose 
of calculation, that the pApA was contaminated by an amount of AMP 
equivalent to the ATP found, since both would have been formed in equal 
quantities from ADP by the action of myokinase. It was then possible 
to determine that the ratio of adenylic acid units recovered as pApA to 
those recovered as the sum of ATP, ADP, and AMP was 2.2. The theo- 
retical value given by Equation 2 is 2.0. 


DISCUSSION 


The data presented here describe the specificity of polynucleotide phos- 
phorylase with respect to the nature of the end groups on a polynucleotide 
substrate. It is clear that oligonucleotides which contain a monoesteri- 
fied phosphate at C-3’ of the terminal nucleoside residue (ApApUp and 
ApApApUp) are resistant to phosphorolysis, and the same is true for the 
three oligonucleotides bearing a terminal 2’ ,3’-cyclic phosphate. By con- 
trast, phosphorolysis occurs readily with comparable compounds which 
possess phosphate monoesterified at C-5’ (pApApA and pApApApA) or 
contain no phospho monoester groups at all (for example, ApApA, ApApU). 

The resistance of relatively degraded commercial yeast RNA and RNA 
“eore” to phosphorolysis (3) is consistent with the present results, for 
these preparations are known to contain C-3’ end groups (20, 24). Other 
factors such as molecular size must be considered, however, when compar- 
ing the rates of phosphorolysis of different RNA and biosynthetic polymer 
preparations. Ochoa has demonstrated that the state of aggregation of 
the polymer chains influences the rate of phosphorolysis (9). In the pres- 
ent work, comparisons have been made between oligonucleotides of the 
same chain length, so that the influence of end group structure could be 
studied without the complication of gross differences in molecular weight. 

A study of the products of phosphorolysis of oligonucleotides yields 
additional information concerning the mechanism of the polynucleotide 
phosphorylase reaction. The cleavage of the trinucleoside diphosphate, 
ApApA, can be used as an example. Phosphorolysis can occur in one of 
the two ways illustrated in Equations 3 and 4: 


ApApA — P; => ApA — ADP (3) 
ApApA + P; — adenosine + ppApA (4) 


Equation 3 involves cleavage at a nucleoside unit linked to the chain by 
its C-5’-hydroxyl, and the products are the pyrophosphorylated mono- 
nucleotide (ADP) and ApA. In Equation 4 phosphorolysis occurs at the 
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nucleoside linked by its C-3’-hydroxy] to the rest of the polynucleotide, and 
the products are adenosine and the pyrophosphorylated oligonucleotide, 
ppApA. In the experiments described above, the products of the phos. 
phorolysis of ApApA were ApA and ADP, indicating that the reaction 
proceeded according to Equation 3. Similarly, the phosphorolysis of 
ApApApU produced UDP and ADP, not adenosine and ADP, and the 
cleavage of the other oligonucleotides also proceeded according to Equation 
3. This mechanism represents the reverse of a polymerization mechanism 
in which the 5’-nucleoside diphosphate units are added to the C-3'-hy- 
droxyls of the acceptor nucleotides with the displacement of inorganic P 
from the mononucleotide. This phosphorolysis, according to Equation 3, 
is equivalent to the reverse of the polymerization Mechanism B discussed 
by Kornberg (25). Polymerization Mechanism A (25) represents the re- 
verse of Equation 4, and does not appear to be applicable to this enzyme, 

Equation 1, as written here and by others (2, 3, 6), implies that poly- 
nucleotide phosphorylase catalyzes the formation of polynucleotide chains 
from mononucleotides alone. Assuming this mechanism, it might be ex- 
pected that in the reverse direction, namely phosphorolysis, cleavage would 
result in the complete breakdown of a polynucleotide to mononucleotide 
units. The data presented above demonstrate that this is not the case, 
The phosphorolysis of oligonucleotides containing 3 or + nucleoside residues 
results in the accumulation of the compounds with 2 nucleoside units. In 
confirmation, Tables I and II show that pApA, ApA, and ApU are not phos. 
phorolyzed at significant rates. 





One possible explanation for these results may be that the enzyme | 
demonstrates an exacting specificity when the substrate presented to it has | 


only 2 nucleoside units. The condensation of 2 ADP molecules according 
to Equation 1 would be expected to form ppApA, a dinucleotide with a 
pyrophosphate end group. This compound has not yet been prepared, and 
it might undergo phosphorolysis. 

An alternative conclusion could be that polynucleotide phosphorylase, 
like starch phosphorylase (26), catalyzes only a limited phosphorolysis of 
the chain, and the “limit oligonucleotide” happens to be a dinucleotide. 
Recent experiments (27, 28) have suggested that purified preparations of A. 
vinelandii polynucleotide phosphorylase catalyze the condensation of 2 
mononucleotide units to a dinucleotide very slowly, if at all. Thus, a lag 
in the polymerization reaction can be overcome by the addition of a pre- 
formed polynucleotide chain to the reaction mixture. In analogy with the 
enzymic synthesis of polysaccharides, the new polymer has been shown to 
be built onto this primer. It is consistent with the experiments reported 
here that the primer may be as small as a dinucleotide (28). 
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The author wishes to thank Dr. Leon A. Heppel for suggesting this 
problem and for many stimulating discussions during the course of the 
work. 


SUMMARY 


The phosphorolysis of oligonucleotides by preparations of polynucleotide 
phosphorylase from Azotobacter vinelandii and Escherichia coli has been 
studied. Tri- and tetranucleotides with a phospho monoester group at the 
terminal C-5’ were readily phosphorolyzed; however, if the phospho 
monoester group was at the terminal C-3’, the compounds were resistant 
to enzymic attack. Trinucleoside diphosphates and tetranucleoside tri- 
phosphates were also phosphorolyzed by these enzymes, indicating that the 
C-5’ phospho monoester moiety is not required in order that an oligonucleo- 
tide be a substrate. Dinucleotides and dinucleoside monophosphates were 
not phosphorolyzed at significant rates. The products of the phosphoro- 
lysis of the compounds with 3 and 4 nucleoside residues were identified as 
the nucleoside diphosphates (ADP or UDP) and the resistant dinucleotide 
or dinucleoside monophosphate. 
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GLUTAMINASE OF THE HUMAN MALIGNANT 
CELL, STRAIN HELA* 
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(From The Wistar Institute of Anatomy and Biology, the Department of Medicine, 
School of Medicine, University of Pennsylvania, and the Allergy Section of 
the Medical Clinic of the Hospital of the University of 
Pennsylvania, Philadelphia, Pennsylvania) 


(Received for publication, December 27, 1957) 


Eheensvard, Fischer, and Stjernholm (1) first reported that glutamine is 
essential for growth of animal cells in tissue culture. Eagle et al. (2, 3) 
have studied the amino acid requirements of the human malignant cell, 
strain HeLa, grown in tissue culture, and found that glutamine is essential 
for optimal growth, although glutamic acid could substitute partially for 
this compound. In an effort to elucidate the metabolic role of glutamine 
in the mammalian cell grown in tissue culture we have undertaken a study 
of the reactions this compound undergoes in homogenates of HeLa cells. 
It was found that mitochondria of these cells carry out the conversion of 
glutamine to glutamic acid and ammonia, and in this report some properties 
of this glutaminase are described. 


Materials and Methods 


Materials—Concentrated amino acid mixture, vitamin mixture, and 
glutamine, obtained from the Microbiological Associates, Inc., were used 
in preparing Eagle’s medium (4). The L-glutamine used as substrate was 
acommercial product and contained less than 0.3 per cent of free glutamic 
acid as determined with L-glutamic acid decarboxylase. 

Preparation of Mitochondria—Cells of strain HeLa were grown on glass 
in stoppered 2 or 5 liter Povitsky bottles in a medium composed of a modi- 
fied Eagle’s basal medium (4) fortified with 10 per cent human serum. 
Eagle’s basal medium was modified by the substitution of 0.01 m Tris 
(2-amino-2-hydroxymethyl-1 ,3-propanediol) buffer at pH 7.8 for the 
bicarbonate. The cultures were incubated at 37° until a sheet of cells 
was present. This usually required 7 to 10 days. The cells were then 


* Aided by grants from the National Institute of Allergy and Infectious Diseases, 
National Institutes of Health, United States Public Health Service, and The Na- 
tional Foundation for Infantile Paralysis. A preliminary report of this work has 
been published (Federation Proc., 16, 271 (1957)). Contribution No. 23 from Micro- 
biology in Medicine. 

t Daland Fellow for Research in Clinical Medicine of the American Philosophical 
Society, 1955-57. Scholar in Medical Science of the John and Mary R. Markle 
Foundation. 
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removed from the glass by treatment for about 15 minutes at room tem. 
perature with 0.02 per cent Versene in 0.01 m phosphate-buffered saline 
at pH 7.4 (5). After this, all operations were carried out at 4°. The cells 
were collected by centrifugation for 10 minutes at 300 X g, washed once 
in 0.3 m sucrose, and again collected by centrifugation at the same speed, 
The wet cells were weighed and then suspended in 2 volumes of 0.3 y 
sucrose. They were disrupted by grinding with approximately 1 volume 
of sea sand in an all-glass, hand tissue grinder. On microscopic examina- 
tion of the homogenate it was found that almost all of the cells were broken 
by this procedure. The sand, unbroken cells, and nuclei were removed 
from the homogenate by centrifugation at 300 X g for 10 minutes. The 
supernatant fluid was withdrawn, and the sediment was washed twice 
with 2 volumes of 0.3 m sucrose. The supernatant fluid and washings 
were combined, and the mitochondria were collected by centrifugation of 
the suspension twice at 8000 X g for 10 minutes. The pellets were con- 
bined and washed with 0.3 m sucrose. The mitochondria were finally 
sedimented at 12,000 X g for 10 minutes. The pellet was suspended in 
0.3 M sucrose. On microscopic examination it was found that the mito. 
chondria were contaminated with small numbers of nuclei and fine particles 
of sand. 

Measurement of Activity—aAll incubations were carried out in unstoppered 
12 ml. conical centrifuge tubes at 37° for 1 hour unless otherwise noted, 
The nature of the substrates and conditions is given with each experiment. 


All solutions except the mitochondrial suspension, 0.3 M sucrose, and | 


NaSO, were adjusted to the final pH before they were added to the reae- 
tion mixture. Appropriate controls without substrate and without mito- 


chondria were included in each experiment. At the end of the incubation | 


period an equal volume of water was added to the reaction mixture, and 
the reaction was stopped by placing the tubes in a water bath at 100° for 
5 minutes. 0.2 volume of 0.5 mM acetic acid was added, and the sediment 


was removed by centrifugation. The extent of the reaction was determined 


by measuring the quantity of L-glutamic acid present in an aliquot of the 
diluted reaction mixture. In most of the experiments duplicate vessels 


were incubated, and duplicate determinations of glutamic acid were made 


for each vessel. 


Determination of Products of Reaction—Glutamic acid was measured | 


manometrically by use of the L-glutamic acid decarboxylase of Escherichi 
coli prepared according to the method of Najjar and Fisher (6). The 
constants of the flasks used were approximately 0.5, and it was possible 
to measure as little as 0.5 umole of glutamic acid with an accuracy of +3 


per cent. Ammonia was collected in sulfuric acid in an aeration apparatus, | 
by using a saturated solution of K,CO; to release the ammonia from the! 


reaction mixture, and was determined by nesslerization. 











pho 
unb 


a w 
°o ra) 8 


uM GLUTAMIC ACID FORMED 


3S 


00 


Fr 
curve 
25 um 
from | 
used € 

Fig 
glutan 
umole: 
phosp! 
of mit 
100 ms 
nitocl 


quant 
the su 
condit 
was p 
loss of 

Pro 
the fo: 


tem- 
uline 
cells 
once 
deed, 
1.3 M 
lume 
nina- 
roken 
Loved 

The 
twice 
shings 
ion of 
- com- 
finally 
led in 
mito- 
ticles 





ppered 
noted. 
riment. 
e, and | 
e Teac 
t mito- 
ibation | 
re, and 
100° for 
»diment 
ermined 
t of the 
- vessels 
re made 





' 
; 
+ 


reasured | 
cherichia 
5). The 
possible 
y of +) 
bparatus, 


rom the § 


W. J. WILLIAMS AND L. 


Locus of Glutaminase Activity—Incubation 
phosphate at pH 8.0 with the homogenate 
unbroken cells, and nuclei resulted in the 
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Fig. 1. Effect of pH on the formation of glutamic acid from glutamine. The 


curves are identified on the figure. Each vessel contained 40 umoles of L-glutamine, 
25 pmoles of buffer, 50 wmoles of sodium phosphate when used, and mitochondria 
from 65 mg. of wet cells in a final volume of 0.5 ml. Ammediol acetate buffer was 
used except at pH 7.4 at which Tris acetate was employed. 

Fic. 2. Effect of enzyme concentration on the formation of glutamic acid from 
glutamine. The curves are identified on the figure. Each vessel contained 40 
pmoles of L-glutamine, 25 umoles of ammediol acetate buffer, 50 wmoles of sodium 
phosphate when used, and mitochondria in a final volume of 0.5 ml. The suspension 
of mitochondria used for the experiments at pH 8.0 contained mitochondria from 
100 mg. of wet cells per ml., while that used for the experiments at pH 9.5 contained 
mitochondria from 130 mg. of wet cells per ml. 


quantities of glutamic acid. After the mitochondria were separated from 
the supernatant fluid, incubation of these two fractions under the same 
conditions demonstrated that about 10 times as much glutaminase activity 
was present in the mitochondria as in the supernatant fluid. Complete 
loss of activity occurred on heating the mitochondria at 100° for 5 minutes. 

Products of Reaction—Preliminary experiments showed that at pH 8.0 
the formation of glutamic acid from glutamine catalyzed by mitochondria 
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of the HeLa cell was activated several fold by inorganic phosphate, while 
at higher pH values considerable activity occurred in the absence of in- 
organic phosphate. Therefore the formation of glutamic acid and am- 
monia from glutamine was determined at pH 8.0 in the presence of added 
phosphate and at pH 9.5 in the presence and absence of added phosphate, 
The reaction mixtures contained 60 uwmoles of L-glutamine, 75 umoles of 
ammediol acetate (2-amino-2-methyl-1 ,3-propanediol acetate) buffer, 150 
umoles of sodium phosphate when used, and mitochondria from 112 mg. 
of wet cells in a final volume of 1.5 ml. At pH 8.0, with added phosphate, 
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Fig. 3. Rate of formation of glutamic acid from glutamine. The curves are 
identified on the figure. The experimental details are the same as those in Fig. 2, 
except that each vessel contained 0.2 ml. of the suspension of mitochondria and the 
vessels were incubated for the times noted. 


7.7 umoles of ammonia and 8.2 uwmoles of glutamic acid were formed. 
At pH 9.5, without added phosphate, 6.0 wmoles of ammonia and 5.7 
umoles of glutamic acid were formed, while at pH 9.5, with added phos- 
phate, 15.9 umoles of ammonia and 16.2 uwmoles of glutamic acid were 
formed. Thus the expected products of the reaction appeared in equimolar 
quantities. 

Effect of pH—Fig. 1 shows the effect of pH on the formation of glutamic 
acid from glutamine in the presence and absence of inorganic phosphate 
in the reaction mixture. Optimal activity was found at about pH 9.0 
with phosphate added and at about pH 9.5 without added phosphate. 
Marked activation of the reaction by phosphate occurred at pH 7.4 and 
8.0, but above this pH phosphate had much less effect as an activator, 
although this was dependent on substrate concentration as described below. 
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Effect of Enzyme Concentration and Kinetics of Reaction—F'ig. 2 illustrates 
the direct proportionality between the quantity of glutamic acid formed 
from glutamine and the quantity of mitochondria added over a 4-fold range 
at both pH 8.0 and 9.5, with and without added phosphate, and Fig. 3 
shows that the rate of the reaction was linear for a 90 minute period at 
these two pH values. 


TaBLe | 
Effect of Anions on Activity and Stability of Glutaminase 











| : Additions | Glutamic acid formed 
Experiment No. | —— ——— —j— a 

Preincubation Incubation pH 8.0 pH 9.5 

min. pmoles umoles 

42 0 None | 0.4 3.9 
| 0 Phosphate | 5.0 6.5 

0 Borate 0.0 2.9 

0 Phosphate-borate 3.0 4.1 

60 None None | 0.0 0.1 

60 "7 Phosphate 05 | 03 

60 | Phosphate % | SS .4 - §e 

60 Borate Borate 1.3 1.8 

60 Phosphate Phosphate-borate | 3.8 

60 | Borate “ 3.2 3.0 

43 0 None | 0.7 5.4 
0 Arsenate 5.4 9.4 

0 Sulfate 4.1 8.3 

60 None None | 0.0 0.4 

60 | Arsenate Arsenate | 3.9 7.5 

60 Sulfate Sulfate 3.1 5.5 


Each vessel contained 20 wmoles of L-glutamine, 25 ywmoles of the ammediol acetate 
buffer, 25 umoles of the various anions when used, and mitochondria in a final volume 


of 0.5 ml. Each vessel contained mitochondria from 43 mg. of wet cells in Experi- 


ment 42 and mitochondria from 37 mg. of wet cells in Experiment 43. 





Effect of Concentration of Glutamine and Phosphate—The effect of gluta- 
mine concentration on the formation of glutamic acid is shown in Fig. 4 
The curve for activity with added phosphate at pH 8.0 and 9.5 rises rapidly, 
the maximal rate being attained at about 0.03 m glutamine. The apparent 
Michaelis constants for these two curves were essentially identical at 


0.008 m. At pH 9.5, without added phosphate, 0.08 m glutamine was | 


necessary to achieve a rate comparable to that found with 0.03 m glutamine 
at this pH with added phosphate. The data on the effect of phosphate 
concentration are plotted in Fig. 5. Here 0.04 m glutamine was used it 
order to demonstrate more clearly the activation of the reaction by phos 
phate at pH 9.5. Maximal activity was found with 0.05 m phosphate at 
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| be that activity observed in the absence of added anion at pH values above 
8.0 is due to an alteration in substrate. A titration curve of L-glutamine 
showed that the amino group titrated with a pK of about 9.3. Suppression 


___ | of the ionization of the amino group began at about pH 8, and this coin- 
acetate 
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‘ates | both pH 8.0 and 9.5, with somewhat less activation at higher phosphate 
med | ¢oncentrations. 
ange Effect of Anions on Activity and Stability of Glutaminase—The data on 
ig. 3 | the effects of various anions on the stability of the glutaminase during a 
dd at 60 minute preincubation in the absence of substrate and on the activation 
of the glutaminase are shown in Table I. Phosphate, arsenate, and sulfate 
all activate and stabilize the activity, while borate stabilizes but does not 
activate. Furthermore, borate inhibits somewhat the activity obtained in 
___ | the presence of added phosphate. 
med 
je DISCUSSION 
se The glutaminases of mammalian tissues have been found to require 
voles certain inorganic anions for activity (7-13) and to be associated with the 
9 mitochondria (9, 14). The mechanism of the anion activation is obscure. 
- The glutaminase of the HeLa cell resembles the other mammalian glu- 
4 taminases in that it is associated with the mitochondria and is activated by 
1 inorganic anions. However, this enzyme differs in that it is markedly 
).3 active in the absence of added anions at pH values above 8. Furthermore, 
5.2 it has a higher optimal pH. Although it seems unlikely, it is possible that 
a the activities with and without added anion are catalyzed by two separate 
e | enzymes. Another possibility is that damage to the structure of the 
5.4 mitochondria may occur at pH values above 8 and thus permit activation 
9.4 of the enzyme by anions contained within the particles. Finally, it may 
3 
4 
0 
5 


cides roughly with the sharp increase in activity in the absence of added 
— phosphate. Thus, suppression of the positive charge of the amino group 
eoxperi- 


may be necessary for activity of the enzyme. 

Shepherd and Kalnitsky (14) showed that glutamic acid and ammonia 
f gluta. | Were the products formed from glutamine by the glutaminase of rat liver 
Fig. 4 mitochondria. These same products were formed in equimolar quantities 
rapidly, | by the glutaminase of the HeLa cell. ’ 
pparent | lhe effect of anions on the stability of the glutaminase of the HeLa cell 
tical at | | essentially the same as has been reported for the kidney glutaminase 
ne was (12, 13), except that with this enzyme sulfate increased the stability as 
itamine well as activated the enzyme. Even though the glutaminase is active at 
osphate pH 9.5 without added anion, the activity is almost completely lost during 
used in | * 60 minute incubation without glutamine unless anion is added. How- 
y phos ever, the enzyme is stable at pH 9.5 in the presence of glutamine without 
hate at added anion, since the reaction rate is directly proportional to time for a 
% minute period under these conditions. 
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The authors are indebted to Miss Margaret A. Wahl for her excellent 
technical assistance. 


SUMMARY 


1. Mitochondria from the human malignant cell, strain HeLa, grown 
in tissue culture, contain a glutaminase which converts glutamine into 
equimolar quantities of glutamic acid and ammonia. 

2. Inorganic phosphate, sulfate, or arsenate is necessary for activity of 


the glutaminase at pH values below 8, but at higher pH values activity | 


occurs in the absence of added activators if the substrate concentration js 


high. The maximal reaction rate was observed at pH 8.0 and 9.5 with | 


0.03 m glutamine if phosphate was added to the reaction mixture. At 
pH 9.5 without added phosphate, 0.08 m glutamine was required for ae. 
tivity comparable to that obtained with added phosphate. Maximal 
activity occurred with 0.05 m phosphate. 

3. Optimal activity was observed at about pH 9.0 with added phosphate 
and at about pH 9.5 without added phosphate. 

4. Inorganic phosphate, sulfate, and arsenate stabilized and activated 
the glutaminase, while borate stabilized but did not activate. 
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ity of Bethesda, Maryland) 

tivity 

som ie | (Received for publication, October 14, 1957) 

with | ~~ ‘The enzyme, ATP-AMP' transphosphorylase (or myokinase) is present 
- AL) in many tissues, but that isolated from rabbit muscle has been most exten- 
i” we sively studied. This enzyme reversibly catalyzes the reaction 

.xima 


2ADP = ATP + AMP 


sphate —_ Kalckar (1) noted that the enzyme is activated by addition of magnesium, 

and postulated that this “‘might indicate that the enzyme contains some 
ivated ound magnesium.” Kotel’nikova (2) likewise observed activation of the 
enzyme by magnesium and stated that the stability of crude extracts is 
due to a specific stabilizer. Kleinzeller (3) observed that the enzyme 
does not act on inosine diphosphate. Bowen and Kerwin (4, 5) reported 
that the enzyme is inactive in the presence of high concentrations of KCl, 
and also reported the effects of different ions and of pH on the rate of 
J. Biol, ‘veaction. They found that the addition of magnesium ion shifted the 
optimal pH toward acid values, and that the acid or heat stability decreases 
with purification of the enzyme. 

The reports by Lorand (6) and Bendall (7, 8) that the “high energy” 
phosphate-transferring enzymes, ATP-Cr transphosphorylase (creatine 
kinase) and ATP-AMP transphosphorylase (myokinase), are relaxing fac- 
tors for muscle fibers in vitro urgently raise questions concerning the prop- 
erties of these enzymes and the mechanism by which the transfer of so 
called high energy phosphate is effected. 

The present paper reports kinetic studies in which crystalline ATP-AMP 
transphosphorylase was used (9), which has been shown to be a homoge- 
neous protein preparation (10). It should be noted that, unlike studies 
reported by others, the crystalline enzyme used for these studies was 
prepared with EDTA, and added magnesium was essential for activity. 


18, 218 


Q (1949). | 
and Bio- 





*Present address, Department of Biochemistry, Dartmouth College, Hanover, 
New Hampshire. 

'The following abbreviations are used: ATP, adenosine triphosphate; ADP, ade- 
nosine diphosphate; AMP, adenosine monophosphate; Cr ~ P, creatine phosphate; 


Cr, creatine; Tris, tris(hydroxymethyl)aminomethane; EDTA, ethylénediamine- 
tetraacetic acid. 
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EXPERIMENTAL 


Enzymatic Activity2—The enzyme was diluted at 0° in a solution of 0.0] 
m Tris, 0.1 per cent crystalline bovine serum albumin, and 0.02 M cysteine 
(omitted in studies of sulfhydryl reagent inhibitors) adjusted to pH 7.5, 
To conserve enzyme and dilution mixture, dilutions were made serially, 
generally 0.01 ml. of stock enzyme containing 30 mg. per ml. being added to 
a 3 to 10 ml. dilution mixture and the same dilution repeated. Diluted 
enzyme solutions were used within } hour. Reaction mixtures were made 
up from the following: (1) stock 0.10 m or 0.01 mM magnesium chloride, (2) 
stock 0.5 m Tris, pH 8.0 (or other buffer), to give a final concentration of 


0.05 M, (3) neutralized 0.04 m stock solutions of nucleotide, (4) appropriate | 





quantity of water, and (5) cold diluved enzyme equal in volume to one. | 
twentieth the final volume (added at zero time to the reaction mixture | 


after temperature equilibration in a 25° water bath). Suitable aliquots 
(usually 0.200 ml. but as large as 3 ml. for very low substrate concentra- 
tions) were removed at increasing elapsed time by self-adjusting micro- 
pipette or volumetric pipette and added to 1 mM ammonium hydroxide in 
methyl alcohol to stop enzyme reaction, and then the nucleotides were 
adsorbed on special Dowex 1 columns.’ The resin was washed with 1 to 

2 The procedures reported for the determination of enzymatic activity which 
seemed less satisfactory for the purpose at hand than the Dowex 1 column procedure 
of Cohn and Carter (11) include the creatine enzyme assay procedure used during 
the purification of the enzyme (9); the deaminase procedure of Kalckar (12); the 
hexokinase-glucose-6-phosphate dehydrogenase method suggested by Oliver (13); 
and the ATPase activity of myosin used by Bowen and Kerwin (5). The Dowex 
1-Cl column procedure which makes the determination of each component possible 


is of course the method of choice for equilibrium measurements which have been | 


undertaken. 
3 Special columns to rest in the mouths of 16 X 150 mm. test tubes were made 
from 35 mm. inside diameter X 40 mm. long (including drawn tip) Pyrex tubing 


blown to the peripheral edge of the bottom of a 25 mm. test tube. The test tube | 


was cut to give an over-all length of 85 mm. A glass wool plug at the drawn-out tip 
was worked to a flat upper surface by using the sharp cut end of a small glass tube 
as a cutting instrument. The column was filled with water and a suspension of 
treated resin was carefully deposited by a capillary on the glass wool to a depth of 
4mm. Fibers from filter paper which previously had been disintegrated with 25 





hydrochloric acid, and then thoroughly washed, were sucked down on the resin. In | 


use, a volume of 1 M ammonium hydroxide in methyl alcohol (reagent grade), equal 
to 1.5 times the volume of sample to be added, was pipetted into the upper portion 
of the column which was inclined across the top of a small beaker. The methyl al- 
cohol solution to stop the enzyme action was thus held separate from the resin until 
mixed with the aliquot of reaction mixture. 

Resin for the columns was treated in the following manner. That portion of 
Dowex 1-X4 resin, 200 to 400 mesh, was retained which settled through 3 inches o 
water in 1 hour (three times) but remained suspended in 2 inches of water after set- 
tling in 2} minutes (decanted five times from the rapidly settled layer). The selected 
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2 ml. of water, and for the reaction in the forward direction the AMP was 
eluted with 9.8 ml. of 0.003 m hydrochloric acid‘ into a 10 ml. calibrated 
tube and made to volume. For the reaction in the reverse direction, 10 
or 15 ml. of 0.003 m hydrochloric acid‘ (the volume depending on the 
amount of AMP) were used to discard the AMP, and the ADP was eluted 
with 9.8 ml. of 0.004 m hydrochloric acid-0.02 m sodium chloride* and the 
volume made to the 10 ml. calibration. The amounts of AMP formed in 
the forward reaction and of ADP in the reverse reaction were determined 
with use of a Beckman DU spectrophotometer at 257 my (a, 15.0 X 10° 
(14)). The calculated micromoles of AMP or ADP formed per ml. of 
reaction mixture for five successive time intervals were plotted against time, 
and the initial rate of reaction expressed in micromoles of AMP min. 
ml. was measured by the slope of the best straight line. Times of in- 
cubation, dilution of enzyme, and the amount of reaction mixture taken 
were varied to suit the capacity of the columns and to give linear time- 
course plots, but the amount of diluted enzyme added was kept constant 
at one-twentieth the final volume of the reaction mixture. 

After completion of much of the work, it was found that making the 
first of two serial dilutions in the presence of 0.005 m EDTA in addition 
to the 0.02 m cysteine and 1 mg. per ml. of bovine serum albumin resulted in 
higher specific enzymatic activity without otherwise altering the pH- 
activity curve or the dependence of the reaction rate on substrate concen- 
tration. Enzyme so diluted to give the higher specific activity was used 
to obtain the results shown in Figs. 1, 7, and 8. 

Stoichiometry of Reaction—O0.1013 ml. of a stock 0.04 m ADP solution 
and the same aliquot after treatment for 12 minutes at 30° with 12 y of 
enzyme in the presence of 0.0025 m MgSO, and 0.05 M succinate, pH 6, 
were analyzed on a Dowex 1 column according to the procedure of Cohn 
and Carter (11). The following nucleotide changes were found: AMP 
increased 0.978 umole, ATP increased 1.04 umoles, and ADP decreased 
2.03 umoles. Thus, within experimental error, for every 2 moles of ADP 
disappearing, 1 mole of AMP and 1 mole of ATP are formed (Equation 1). 





resin particles were stirred for 1 hour with 1 mM ammonium hydroxide in methy] al- 
cohol and washed with methyl alcohol until the filtrate had negligible absorption at 
257 mu. The resin was twice cycled serially through 2 N ammonium hydroxide and 
2n hydrochloric acid with water washes in between, and, after the last washes with 
hydrochloric acid, the resin was washed six times with water or until the washings 
were neutral in pH. The moist resin was stored near 0°. 

‘Each batch of treated resin was tested for concentrations of hydrochloric acid 
and sodium chloride required to elute AMP and ADP under the conditions of the de- 
termination (for two batches of resin, 0.003 m hydrochloric acid was satisfactory to 
elute AMP and 0.004 m hydrochloric acid-0.02 m sodium chloride to elute ADP). 
Used columns were washed with 1 m hydrochloric acid to prevent contamination and 
tepacked with fresh resin in order to get reproducible eluting properties. 
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Materials—ADP was obtained from the Sigma Chemical Company, 
lot No. 126-190 and No. 27-190; the crystalline sodium salt of ATP used 
was lot No. 85-94 from the same vendor, and the AMP was lot No. 205 
from the Pabst Laboratories. Stock 0.04 m solutions were prepared in an 
ice bath with use of 1 n NaOH to neutralize a slightly more concentrated 
solution to about pH 7.5, and then adjusting the volume. (The con- 
centration was calculated from an optical density 257 my of a diluted 
aliquot.) Stock ADP and ATP solutions were kept no more than 2 days, 


Guanosine, inosine, uridine, and cytidine 5’-diphosphates and adenosine | 


tetraphosphate were obtained from the Sigma Chemical Company. The 
reagent grade Tris from the G. Frederick Smith Chemical Company was 
recrystallized from alcohol-water to eliminate contaminants which caused 
loss of activity of the enzyme. Cysteine-HCl-H:,0, glycine, and glycyl- 
glycine were ‘‘Cfp” grade from the California Foundation for Biochemical 
Research. tu-Histidine hydrochloride and t-lysine hydrochloride were 
obtained from the Nutritional Biochemicals Corporation. Disodium 
Versenate-2H,O was analytical reagent grade from Versenes, Inc., Fram- 
ington, Massachusetts. The crystalline p-chloromercuribenzoate used 
was lot No. 96-110 from the Sigma Chemical Company, and the Eastman 
Kodak Company iodoacetic acid lot No. 1371 was recrystallized from 
ether-petroleum ether. Other reagents used were of analytical grade. 
Buffers were adjusted to the proper pH with 1 n NaOH or HCl. pi 
measurements of buffers and reaction mixtures were made at room ten- 
perature. 


Results 


Effect of Magnesium Ion Concentration—The striking dependence of 


the rate of reaction on the magnesium ion-substrate ratio reported pre- | 


viously for ATP-creatine transphosphorylase (15) has also been found 
with ATP-AMP transphosphorylase. In the forward direction for the 


reaction as written (Equation 1), the maximal rate occurs when the ratio | 


of ADP to magnesium ion is about 2 (Fig. 2). Thus, as with the ATP-Cr 
transphosphorylase, the maximal rate of reaction of ATP-AMP transphos- 
phorylase occurs when there is 1 magnesium ion per pair of reacting mole- 
cules. In the reverse direction, the rate shows a maximum when the 
concentration of magnesium ion is equal to the concentration of ATP. 


In both the forward and the reverse directions, with increasing magnesium | 


ion concentrations, the rate of reaction rises rapidly to a maximum. As 
the concentration of magnesium ion is further increased, the rate fall 
off to about half the maximal rate in a manner that appears to be related 
to the nucleotide to magnesium ion ratio rather than to the absolute 
amount of the constituents (cf. the various curves of Figs. 2 and 3). 
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Effect of pH—The maximal rate of reaction in both the forward and 
reverse directions is at pH 8, and begins to fall off at pH levels roughly 1 


unit greater or less than the optimal pH (Fig. 4). 


O05 


04 


O3 


02 


INITIAL VELOCITY (moles mi”! min™') 


O 


When histidine, Tris, 








T T T J 


0 4 








1 1 i 1 
Ol 02 O03 04 


ug PROTEIN PER ML REACTION MIXTURE 


Fic. 1. Initial reaction velocity in forward direction at 25°. 


The reaction mix- 


ture contained 0.004 m ADP, 0.002 m MgCl», 0.05 m Tris, 0.001 m cysteine, and 0.05 
mg. per ml. of bovine serum albumin (the last two materials were added with en- 


zyme). The final pH of the mixture was 8.0. 
ina mixture containing 0.005 m EDTA (see the text). 


The first dilution of enzyme was made 

















{KCl] = 0.020 m. 
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Fig. 2. Effect of Mg** on the initial velocity of forward reaction at pH 8.0, 0.05 m 
Tris, 25°, at various ADP concentrations. 


O, KCl added such that 2{/(MgCl.] + 
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or glycylglycine is used as a buffer, the variation of the rate with the pH 
seems to be independent of the nature of the buffer. In phosphate buffer 
the reaction is slower, presumably as a result of inhibition. The initia] 
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Fig. 3. Effect of Mg** on the initial velocity of reverse reaction at pH 8.0, 0.05 x 
Tris, 25°, and 0.004 m AMP in the presence of various concentrations of ATP. 
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Fic. 4. Effect of pH on initial velocity at 25° and 0.05 m buffer. ——, forward 


direction, 0.002 mM MgCl, and 0.004 m ADP; ----- , reverse direction, 0.004 m ATP 
0.004 m MgCl:, and 0.004 m AMP; @, acetate; X, histidine; A, glycylglycine; 0, 
Tris; O, phosphate; @, lysine. 


velocity of reaction at 25° in the reverse direction is appreciably less than 
that in the forward direction when the initial velocities are expressed in 
terms of the AMP formed or used in the forward and reverse directions, 
respectively. The pH-activity curves in the forward direction at 0.0005, 
0.002, and 0.008 m magnesium chloride and 0.004 m ADP were found te 
have the same shape and the same pH optima, but lower activities than 
that shown in Fig. 4 in the case of 0.0005 and 0.008 m magnesium chloride. 


Et 
of th 





Fia. 
| ATP o1 
| MgCl. 
uw ATP 


Fig. 6 
AMP on 


MgCl] : 





XUM 





L. NODA 243 


1epH = Effect of Varying Substrate Concentration—Figs. 5 and 6 show plots 
g p 
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Fig. 5. Effect of varying ADP concentration in the presence and absence of added 

ATP on the initial velocity of the forward reaction in 0.05 m Tris, pH 8.0, 25°, and 

| MgCl2] = 3[ADP] + [ATP]. A, no added ATP; O, 1 X 10-*m ATP; X, 3.5 X 107 
w ATP. 
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of the square of the substrate concentration. The plots are linear and, 
as shown, when either equimolar ATP and magnesium ion or AMP jg 
introduced into the system, these substances appear to act as competitive 
inhibitors. 

For the reaction in the reverse direction, a plot of the inverse of the 
rate of transformation of AMP against the inverse of the variable substrate 
concentration shows linear relationships (Figs. 7 and 8). The apparent 
Michaelis constant, K,,, is 3.3 X 10-4 when ATP is the variable substrate, 





and 2.6 X 10-* when AMP is the variable substrate. The effect of adding 
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Fic. 7. Effect of varying ATP concentration in the presence and absence of added 
ADP on the initial velocity of reverse reaction in 0.05 m Tris, pH 8.0, 25°, and 
[MgCl.] = [ATP] + [ADP]. A, no added ADP; O, 2 X 10-*m ADP; 0, 2.8 X 10° | 
M ADP. Initial dilution of enzyme in the mixture containing 0.005 m EDTA (see 
the text). 


the product, ADP, is also shown, and the average inhibitor constant, K;, 
for ADP is 3.3 X 10~ (Figs. 7 and 8). These differences among the two 
K,, values and the K; are not considered to be significant because of er- | 
rors due to contaminating nucleotides, especially in the ADP, and be- 
cause of the errors in the determination. 

In the forward direction, the maximal velocity at 25° is about 13,300 
moles of AMP formed per minute per 100,000 gm. of enzyme (28,000 moles 
of AMP per minute per mole of (molecular weight enzyme 21,000 (10)). | 
In the reverse direction the maximal velocity is about 118,000 moles of | 
AMP used per minute per 100,000 gm. of enzyme (25,000 moles of AMP 
per minute per mole of enzyme). 
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Effect of Temperature—Calculations from the Arrhenius plots (Fig. 9) 
give values of the apparent energy of activation (at pH 8 and optimal 
magnesium ion substrate ratios previously noted) of 10.6 + 1 kilocalories 
per mole for the forward direction and 11.7 + 1 kilocalories per mole 
for the reverse direction. 

Stability Properties—The enzyme is stabilized in very dilute solutions 
by the presence of 1 mg. per ml. of bovine serum albumin or creatine 
transphosphorylase (9). Although cysteine and other sulfhydryl agents 
apparently increase the activity of the enzyme, possibly by combining with 














T T T o7 T T 
= 32 fi 1 
= 0 
oa 24 - o 2) 7 
ee A 
So 16h “ A 4 
ri Jo nn 
< ati 
a — 
08 a 
O 1.0 2.0 3.0 4.0 5.0 


-3 
(1/M ayp ) X10 


Fig. 8. Effect of varying AMP concentration in the presence and absence of added 
ADP on the initial velocity of reverse reaction in 0.05 m Tris, pH 8.0, 25°, and 
[MgCl.] = [ATP] = 0.008m. A, no added ADP; 0,4 X 10-*m; 0,8 X 10-*m ADP. 
Initial dilution of enzyme in the mixture containing 0.005 m EDTA (see the text). 


contaminating heavy metal, these agents cannot stabilize the enzyme in 
the same way as does the added protein. This is shown by loss of activity 
with time in a diluted enzyme solution in the absence of added foreign 
protein. Once the enzyme is diluted in the presence of protein, the sus- 
tained activity of the enzyme is not prolonged by the further addition of 
inert protein to the reaction mixture. Concentrated solutions of the 
enzyme in succinate buffer near pH 6 have been lyophilized, without loss 
of activity. A solution containing 30 mg. of enzyme per ml. in 0.01 m 
succinate at pH 6 has been stored at 0° for 5 months with essentially no 
loss of activity. 

Inhibitors—Materials to be tested as inhibitors were added to the 
reaction mixture, and the rate of reaction during customary time intervals 
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up to 20 minutes was found to be constant. Minimal concentrations 
for complete inhibition were found to be 10~* for silver nitrate and about 
10- m for zine acetate and copper sulfate, but recrystallized iodoacetate 
at 10-* m did not significantly inhibit the reaction. p-Chloromercuri- 
benzoate inhibited the reaction about 65 per cent at 10~-° M, and even at 
10- still inhibited only about 72 per cent. Titration of the enzyme 
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Fia. 9. Variation of logarithm of initial velocity as a function of the inverse of the 
absolute temperature. The initial velocity is expressed in micromoles of AMP 
min.~! 71. Curve A, forward reaction; Curve B, reverse reaction. 


for sulfhydryl groups with silver nitrate according to the procedure 
Benesch, Lardy, and Benesch (16) revealed the presence of two sulfhydry! 
groups per molecule of enzyme. 

Effect of Salts—The rate of reaction in the presence of optimal manganes 
chloride in the forward direction is about 35 per cent and in the revers | 
direction about 45 per cent of that in the presence of optimal concentr| 
tions of magnesium chloride. The variation of rate of reaction with the) 
ratio of manganese chloride to substrate concentration shows the same | 
type of curve as with variation of magnesium-substrate ratios. We have] 
not been able to confirm the earlier report that calcium chloride (4) cat 
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replace magnesium chloride, nor have we observed any enzymatic activity 
in the presence of catalytic amounts of barium chloride. 

Specificity—Activity of the enzyme on a variety of nucleotides was 
tested according to the paper chromatography procedure of Krebs and 
Hems (17) for the separation of nucleotides. The enzyme was found to be 
inactive with respect to the following substances when tested at pH 7.5 to 
8.8, 0.05 m Tris, and 0.002 Mm magnesium chloride: inosine 5’-diphosphate, 
guanosine 5’-diphosphate, adenosine tetraphosphate, and uridine 5’-diphos- 
phate. As evidenced by the formation of a slower moving and a faster 
moving component on the chromatogram, cytidine 5’-diphosphate can 
serve as substrate for AMP-transphosphorylase. 

DISCUSSION 

The present observations, that the rates of reaction are maximal in 
the forward direction when the magnesium ion concentrations are equal to 
one-half the ADP concentration and in the reverse direction when the 
magnesium ion concentration is equal to the ATP concentration, are not in 
agreement with the report of Bowen and Kerwin (4) that the optimal 
magnesium chloride concentration is equal to 100 times those of the sub- 
strate concentrations. The shift in optimal pH with magnesium ion 
concentration (4) was not observed. These discrepancies may be due 
to differing conditions used for assay (e.g. 90 uu ADP compared to 0.004 m 
ADP used in the present work), to differences in the methods of enzyme 
preparation or to impurities in the Colowick-Kalckar preparations used 
by Bowen and Kerwin, or to the failure to measure initial rates in their 
assay. 

It is tempting to speculate that the enzyme-substrate intermediate 
formed for the reaction catalyzed in either direction results from the 
addition of a magnesium-nucleotide and a free nucleotide to the enzyme. 
This is supported by the following observations: Mg** (or less effectively, 
Mn**) is necessary for enzymatic activity; optimal magnesium to nucleo- 
tide ratios for enzymatic activity favor the presence of equal concentrations 
of the magnesium-nucleotide complex and free nucleotide; and the linearity 
of the plots of the inverse of the reaction velocity versus (1/ADP)? for 
the forward reaction (Figs. 5 and 6) and versus 1/ATP or versus 1/AMP for 
the reverse reaction (Figs. 7 and 8). It is of interest that manganous ion, 
which was found to be less effective than magnesium ion for enzymatic 
activity, has been found by Lowenstein (18) to catalyze the non-enzymatic 
transphosphorylation of phosphate from ATP to inorganic phosphate to 
yield ADP and pyrophosphate. 

An amino group suitably located on the purine or pyrimidine moiety 
asin adenine or cytosine appears to be necessary for the enzymatic activity 
of AMP transphosphorylase. The apparent failure of adenosine tetra- 
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phosphate to be hydrolyzed emphasizes that for this enzyme hydrolysis and 
transphosphorylation are quite different. 

The complete inhibition of AMP transphosphorylase by chelating agents 
or high salt concentrations noted by Bowen and Kerwin (5) might be 
explained in terms of the absence of the magnesium-nucleotide complex, 
Smith and Alberty (19) give the stability constants for the potassium 
complex of ATP and ADP as 11.5 and 5.5, and 14.3 and 6.8 for the cor- 
responding sodium complexes. The same authors (20) give the stability 
constants for magnesium ATP and ADP as 3000 and 1000. Although it 
would be expected that all of the stability constants might be lowered by an 
ionic strength effect, calculations show that with magnesium ion concep- 
trations of the order of thousandths molar, and at salt concentrations of 
about 1 m and higher, the alkali metal complexes of the nucleotides tend to 
be formed in preference to the magnesium-nucleotide complexes. 

The two sulfhydryl groups on the molecule of AMP transphosphorylase 
are titratable with silver ion even without treatment with urea. Enzymatic 


activity can be completely destroyed with silver, zinc, or cupric ions but | 


not under the mild conditions tried with iodoacetate. The residual 
enzymatic activity even at 10-* m p-chloromercuribenzoate may indicate 
that perhaps the enzyme is stabilized against this sulfhydryl reagent 
by the presence of substrate, that both sulfhydryl groups are not necessary 


for activity, or that combination of one sulfhydryl group with the mereur. | 


benzoate interferes with the reactivity of the second sulfhydryl group. 

Some of the properties of the two purified ‘‘high energy” phosphate- 
transferring enzymes of rabbit muscle, ATP-Cr transphosphorylase and 
ATP-AMP transphosphorylase, are compared in Table I. It is of interest 
that these two enzymes are similar with regard to pH optima, isoelectric 
point, specific nucleotide to Mg** ratio for optimal activity, and necessity 
of sulfhydryl groups for activity. The enzymes are strikingly different 
with regard to pH stability, organic solvent stability, and in the number 
of —SH groups. 

Muscle ATP-AMP transphosphorylase has a comparatively low molecu- 
lar weight and is water-soluble, but there are indications that in the intact 
muscle the enzyme is not free. Bowen and Kerwin (21) and Green, Brown, 
and Mommaerts (22) find the enzyme in myosin preparations. Kitiyakam 
and Harman (23) in studies of the cytological distribution of the enzyme in 
pigeon skeletal muscle conclude that ATP-AMP transphosphorylase is 
found predominantly in the cytochondria (this term being defined as “all 
of the cytoplasmic bodies that are recognizable’). The exceptional 
tendency of ATP-AMP transphosphorylase to associate with other pro- 
teins is indicated by the decrease in stability to heat and acid denaturation 
during the course of purification and also by the observations of Ling (24 
and of Bowen and Kerwin (25) that crude preparations placed on a 
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Amberlite IRC-50 column tend to come off over a wide range of eluent 
concentrations or show several peaks with ATP-AMP transphosphorylase 
activity. Perhaps the function of the enzyme in vivo requires close asso- 
ciation with other proteins or ceil particles, as Bendall (7) has suggested 
in his consideration of this enzyme as a relaxing factor in muscle. 


TABLE I 
Comparison of ATP-Cr Transphosphorylase and ATP-AMP Transphosphorylase 














Rabbit muscle |ATP-Cr transphosphorylase te es 
% 0.4 0.02 
ymoles per 100 gm. 5 0.9 
Mol. wt. 81,000 21,000 
pH optima 7-9 8.0 
Isoelectric point pH 6.05 pH 6.1 
pH stability 
Alkaline Stable Unstable 
Acidic Unstable Stable 
Stability in 60 per cent EtOH 20° Stable 24 hrs. Unstable 
Optimal at [Mg**] equal to K,, for ATP | [ATP] or [ADP] [ATP] or 3[ADP] 
and ADP 5-8 X 10-*,30°, pH 9 | 3 X 10-4,* 25°, pH 8 
or7 
Vax (formation of ATP), moles min.~! | 100,000 at 30° 28,000 at 25° 
mole 
Vasx (utilization of ATP), moles min. | 16,000 at 30° 25,000 at 25° 
mole | 
AH* (formation of ATP) | 13.6 kilocalories, 10.6 kilocalories, 
pH7 , pH 8 
AH* (utilization of ATP) | 11.1 kilocalories, 11.7 kilocalories, 
| pH9g pH 8 
—SH groups | 6.5T 2 





activation. 
t See Benesch et al. (16). Two —SH groups are easily titratable. 


Lorand (6) has demonstrated that ATP-Cr transphosphorylase is also 
a relaxing factor, and more recently Kumagai, Ebashi, and Takeda (26) 
report that there is a third factor essential for relaxation of glycerol- 
treated fibers. The specific role and the mode of action of these enzymes 
in the over-all metabolism of muscle remain one of the enigmas of the 
mechanism by which chemical free energy is converted to mechanical work 
by muscle (27). 


The author expresses gratitude to Dr. S. A. Kuby and Dr. H. A. Lardy 
of the Institute for Enzyme Research, University of Wisconsin, for early 
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discussion of this research problem and to Mr. John Liskowitz for technica] 


assl 
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stance. He is indebted for material and intellectual assistance to 
nbers of the Physical Biochemistry group, Naval Medical Research 


Institute, and in particular to Dr. M. Morales and Dr. S. Bernhard. 


1 


SUMMARY 


. The kinetics of the reaction catalyzed by adenosine triphosphate. 





adenosine monophosphate transphosphorylase (myokinase) have been | 
studied in both directions. 


2 


. The effects of the following variables on the initial reaction rate 


have been presented: magnesium-substrate ratios, pH optima, substrates, 
temperature, and inhibitors. 


3 


. The specificities of the enzyme regarding other nucleotides than those 


of adenine have been tested. 


4 


. Some of the properties of adenosine triphosphate-creatine trans. 


phosphorylase, and adenosine triphosphate-adenosine monophosphate 
transphosphorylase are compared. 
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THE CONTROL OF LEUKOCYTE GLYCOLYSIS* 


By WILLIAM 8. BECKt 
(From the Atomic Energy Project and the Department of Medicine, 
University of California Medical Center, 
Los Angeles, California) 


(Received for publication, September 25, 1957) 


Normal human leukocytes, whether intact or homogenized, have been 
shown to have high aerobic glycolytic rates when incubated with glucose 
(1). The corresponding rates in the leukocytes of myelocytic and lym- 
phocytic leukemia, although still considerably higher than the respiratory 
rates, are significantly lower per cell than those of their normal analogues. 

In a previous paper (2), the preliminary results were reported of an 
attempt to explain this rate difference in terms of the properties and rate 
behavior of the individual enzymes of glycolysis. On the assumption 
that the control of metabolism rests ultimately upon levels of enzyme 
activity, an attempt was launched to analyze this complex metabolic 
multienzyme system in sufficient detail to permit identification of the rate- 
limiting enzyme or enzymes whose activity levels or other properties make 
them pacemakers for the over-all system. Despite its fundamental im- 
portance, little is now known of the enzymatic basis of rate behavior in 
metabolic multienzyme systems, and particularly is this true for glycolysis. 
Human leukocytes are well suited for such a study, both for their high 
aerobic glycolytic rates and for the fact that pathological variants are 
available (e.g. leukemia, leukocytosis, etc.) which permit useful comparison 
between the rate-controlling mechanisms of qualitatively similar multi- 
enzyme systems, differing only in over-all rate. 

The present paper gives evidence that hexokinase is the rate-controlling 
enzyme in both normal and leukemic homogenates and that the deficiency 
of hexokinase in leukemic cells has special metabolic significance in 
these cells as a result of their apparent associated deficiency in ADP! 

*Based on work performed under contract No. AT-04-1-GEN-12 between the 
Atomic Energy Commission and the University of California. 

t Present address, Massachusetts General Hospital, Boston 14, Massachusetts. 

‘The following abbreviations are used: ADP, adenosine diphosphate; ATP, ade- 
nosine triphosphate; ATPase, adenosinetriphosphatase; DPN, diphosphopyridine 
nucleotide; DPNH, dihydrodiphosphopyridine nucleotide; F-6-P, fructose 6-phos- 
phate; Glue, glucose; glucose-U-C™, uniformly labeled glucose-C™; G-3-P, glyceral- 
dehyde 3-phosphate; G-6-P, glucose 6-phosphate; HDP, fructose 1,6-diphosphate; 
HK, hexokinase; 6-PG, lactate-U-C™, uniformly labeled lactate-C™; 6-phosphoglu- 
conate; POPOP, 1,4-di-[(2,5-phenyloxazolyl)]benzene; R-5-P, ribose 5-phosphate; 
Ru-5-P, ribulose 5-phosphate; TPN, triphosphopyridine nucleotide; TPNH, dihy- 
drotriphosphopyridine nucleotide; Tris, tris(hydroxymethyl)aminomethane. 
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production. Evidence is also presented which suggests that conclusions 
based on data obtained in leukocyte homogenates are probably valid as 
well for intact cells. Data on the phosphogluconate oxidation pathway 
and its control are presented in the following paper (3). ; 


Materials and Methods 


Leukocyte Preparations—Details concerning the isolation of leukocytes 
and the preparation of homogenates have been published previously (2, 4), 
The present results were obtained on the leukocytes of sixty-five norma] 
subjects, fifty-nine patients with chronic myelocytic leukemia, and forty. 
nine patients with chronic lymphocytic leukemia. The hematologic 
characteristics and clinical status of these patients were essentially identical 





to those of previously described patient groups (1, 2). All leukemic pa. | 


tients had elevated leukocyte counts with no blast cells. Suspensions 
of isolated blood leukocytes were not separated further according to celi 


type. 


Substrates and Coenzymes—Glucose 6-phosphate (Ba salt), fructose | 


6-phosphate (Ba salt), fructose 1 ,6-diphosphate (Ba salt), glucose 1-phos. 
phate (dipotassium salt), TPN (95 per cent), DPN (90 per cent), reduced 
DPN (90 per cent), and cytochrome c were obtained from the Sigma 
Chemical Company, ribose 5-phosphate (Ba salt), thiamine pyrophosphate, 
and sodium pyruvate from the Schwarz Laboratories, Inc., phosphoryl 
enolpyruvate (Ag-Ba salt) from the California Foundation for Biochemical 


Research, and ATP (disodium salt) and ADP (disodium salt) from the | 


Pabst Laboratories. 

Glucose uniformly labeled with C™ was obtained from the Isotopes 
Specialties Company, Glendale, California, pyruvamide-2-C" and glucose. 
1-C™ from the Nuclear Corporation, and glucose-6-C"“ from the Bio-Rad 
Laboratories, Berkeley, California. 

Dr. B. L. Horecker kindly contributed samples of 6-phosphogluconate 
(Ba salt), ribulose 5-phosphate (Ba salt), and sedoheptulose 7-phosphate 
(Ba salt). Preparations of 3-phosphoryl p-glyceraldehyde (cyclohexyl 
ammonium salt of dimethyl acetal derivative) and phosphoryl] dihydroxy- 
acetone (cyclohexylammonium salt of diethyl ketal derivative) were ob- 
tained from Dr. Clinton Ballou. 

Potassium salts were prepared by conventional methods. All substrates 





and coenzymes were assayed for purity, and corrected values were used | 


in reporting concentrations. 
Enzymes—Rabbit muscle aldolase was prepared by the method of 
Taylor, Green, and Cori (5). Additional aldolase preparations wer 


obtained from Dr. Henry Sable and the Worthington Chemical Company. | 


Crystalline yeast glyceraldehyde-3-phosphate dehydrogenase (Protein 
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2) was the gift of Dr. Edwin Krebs and preparations of rabbit muscle 
glyceraldehyde-3-phosphate dehydrogenase were purchased from the 
Nutritional Biochemicals Company. Yeast hexokinase was prepared by 
the method of Berger, Slein, Colowick, and Cori (6) and myogen a was 
prepared from rabbit muscle according to the method of Baranowski 
and Niederland (7). Lactic dehydrogenase was prepared from human 
leukocytes by a previously published method (2). Catalase was obtained 
from the Vita-Zyme Corporation, glucose-6-phosphate dehydrogenase 
from the Sigma Chemical Company, and preparations of Aspergillus niger 
glucose oxidase from Dr. E. M. Weber of Chas. Pfizer and Company, Inc. 
Asupply of dried fireflies was contributed by Dr. John R. Totter. 

Assay Methods—The standard aerobic glycolysis system, procedure, 
and cell-counting methods have been previously described (1, 2).2. Lactic 
acid was measured by the method of Barker and Summerson (8). 

In surveying levels of glycolytic enzymes, measurements were made 
in whole homogenates. Several enzymes were assayed by a number of 
methods. Except where noted, the results were expressed as micromoles 
of substrate converted per minute per 10'° cells. Spectrophotometric 
measurements were made with a Beckman model DK recording spectro- 
photometer, or a model DU or a model B spectrophotometer with 1.0 
em. silica cuvettes. 

Hexokinase was measured by the rate of G-6-P production by use of a 
modification of the glucose-6-phosphate dehydrogenase procedure of Slein, 
Cori, and Cori (9), by the rate of acid production as determined in a 
modification of the phenol-red method (10), and by the rate of ATP disap- 
pearance as assayed in an ATP-dependent firefly luminescence system (11). 
Firefly luminescence was measured by conducting reactions in the dark 
chamber of a Beckman model B spectrophotometer whose photocell 
assembly had been replaced with a plate bearing an RCA-1P21 photo- 
multiplier tube which led into an external Reed-Curtis probitron. Firefly 
luminescence, with purified luciferin-luciferase, was also used as a con- 
frmatory method in assaying phosphofructokinase, pyruvate kinase, and 
ATPase. Phosphofructokinase was ordinarily measured by a modifica- 
tion of Procedure a as described by Ling, Byrne, and Lardy (12), pyruvate 


* Although it was previously reported (1, 2) that lactic acid production proceeds 
linearly with time, more detailed studies of the time-course of lactic acid produc- 
tion in connection with the present investigation showed that this was not always 
true, especially in leukemic preparations. Oscillating rate variations of greater or 
lesser degree were frequently noted during the first 30 minutes. For this reason, 
the glycolytic rates reported herein were based on lactic acid produced during the 
2nd hour of a 2 hour incubation. As noted below, this coincides with the establish- 
ment of steady state metabolism. This explains the small discrepancy between 
tlyeolytic rates reported here and those reported previously. 
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kinase according to Kornberg and Pricer (13), glucose-6-phosphate de. 
hydrogenase and 6-phosphogluconate dehydrogenase according to Glock 
and McLean (14), phosphohexose isomerase by a modification of Bo. 
dansky’s method (15) with F-6-P as substrate and a 3 minute incubation, 
and phosphopentose isomerase by a modified Axelrod procedure (16), 
Methods have previously been published for leukocyte aldolase, trioge. 
phosphate isomerase, glyceraldehyde-3-phosphate dehydrogenase, a-glye. 
erophosphate dehydrogenase, and lactic dehydrogenase (2). In spectro. 
photometric assays, reactions were initiated by adding substrate after 5 
minutes preincubation. Blanks consisted of complete systems minus 
substrate. 

Radioisotope Technique—The standard aerobic glycolysis system was 
employed in experiments utilizing radioactive substrates, except that 
Warburg vessels were used with 0.2 ml. of 2 N NaOH in the center wells 
Incubations with radioactive glucose were terminated at 2 hours by stop. 
pering the flasks and immersing them briefly in boiling water. An aliquot 








. . ' 
of 1.0 ml. was then removed from each flask and added to a tube containing 


1.6 ml. of 10 per cent trichloroacetic acid. Protein-free filtrates wer 
prepared. After adjustment of the remaining flask contents to pH 54 


with phosphate buffer, catalase and glucose oxidase were added to the | 


side arm, and residual glucose was measured manometrically as described 
previously (1). 

The specific activity of the residual glucose was measured by isolating 
the glucose as glucosazone from a 0.5 ml. aliquot of the protein-fre 
filtrate to which 10 mg. of carrier glucose had been added. In earlier 
experiments, washed and recrystallized glucosazone was assayed for radio- 
activity in a windowless gas flow counter as the BaCQO; obtained after 
wet oxidation with the Van Slyke-Folch reagent (17). In later exper- 
ments, it was found that glucosazone radioactivity could be more con 
veniently assayed by dissolving the isolated glucosazone crystals in 
ml. of warm ethanol. The optical density of a 50-fold dilution of this 
solution (in absolute ethanol) was read promptly (to avoid alcoholysis d 
the osazone) at 387 my in a 1.0 cm. cuvette with an ethanol blank. The 
concentration of glucosazone could then be computed from a standarl 
curve. A 2.0 ml. aliquot of the undiluted ethanolic solution of glucosazone 
was then counted in a Tracerlab liquid scintillation counter with a 
ml. volume of 2,5-diphenyloxazole-POPOP-toluene-ethanol as scinti- 
lator. Interference due to glucosazone color was corrected for by ré 
erence to correction curves which plotted the degree of interference i 
counting a National Bureau of Standards urea standard caused by various 








concentrations of added unlabeled glucosazone versus the optical densitie 


of the added glucosazone solutions. 
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Lactic acid was assayed in the protein-free filtrate and its specific ac- 
tivity, when measured, was determined upon lactate isolated by silica gel 
chromatography (18). In later experiments, lactic acid was more con- 
veniently isolated from Dowex 1 (Cl-) columns. Radioactivity was 
assayed in 1.0 ml. aliquots of aqueous eluate (or larger aliquots of benzene- 
ether silica gel eluates) in the liquid scintillation counter by use of the 
scintillator and band shifter described above. Respiratory CO, was 
converted to BaCQ3;, plated on steel planchets, and assayed for radio- 
activity in a windowless gas flow counter that had previously been cali- 
brated with a Bureau of Standards standard to permit comparison of data 
with those obtained on the liquid scintillation counter. 

To measure the specific activity of pyruvate, filtrate was assayed by 
the Friedemann and Haugen method (19). Pyruvate was isolated from 
the toluene extract as the 2,4-dinitrophenylhydrazone. Carrier pyruvic 
2,4-dinitrophenylhydrazone* was added and radioactivity was assayed on 
the BaCO; obtained by wet oxidation by use of the Van Slyke-Folch 
reagent (17). 


EXPERIMENTAL 


Preliminary Studies on Over-All Glycolytic System—Before proceeding 
further with the analysis of rate behavior, several preliminary experiments 
were performed to amplify the previously reported quantitative data on 
the glycolytic rates of normal, myelocytic leukemia, and lymphocytic 
leukemia leukocytes. First, it was shown conclusively in experiments with 
uniformly labeled glucose-C™ that the lactic acid produced in glycolysis is 
derived from the added glucose and, in confirmation of previous data 
obtained in non-isotopic experiments, approximately 20 times more glu- 
cose was converted to lactic acid than was oxidized to CO. As shown in 
Table I, most of the disappearing glucose radioactivity appears in lactic 
acid. These data also confirm the quantitative differences among the 
three tissues and suggest that under these conditions there is little difference 
in glycolytic rate between homogenized and intact leukocytes. More 
radioactivity, however, is unaccounted for with homogenates than with 
intact cells, presumably because differing quantities of glycolysis products 
enter other metabolic pathways in the two preparations, or possibly because 
homogenates offer a larger dilution pool for metabolic intermediates than 
intact cells. The latter interpretation is supported by data shown in 
Fig. 3. 

Table II summarizes the experiments in which leukocyte homogenates 
were incubated in pairs of flasks, one containing glucose-U-C™ and un- 
labeled pyruvate (G* + P°) and the other unlabeled glucose and pyruvate- 


*Kindly prepared by Dr. J. Nevenzel. 


XUM 








256 CONTROL OF LEUKOCYTE GLYCOLYSIS 


TABLE I 
Conversion of Uniformly Labeled Glucose-C™ to Lactic Acid and 
CO. in Homogenized and Intact Leukocytes 
The incubations contained the equivalent of 10* homogenized or intact cells, glu- 
cose-U-C* (56,900 to 67,200 c.p.m.), and the other additions usually present in the 


aerobic glycolysis system. Incubation, 120 minutes at 38°. The figures represent | 


changes in total radioactivity in counts per minute per incubation. The experi- 
mental details are given in the text. 





Type of leukocyte 





: piscina 
| 





























Compound Normal Myelocytic leukemia | Lymphocytic leukemia 
Homogenized Intact |Homogenized Intact | a a Intact 

| | | 
-. a = | | = oe 
eee ..| —380,800 | —26,900 | —10,200 —9,250 | —7,280 | —5,900 
Lactic acid.......... | +20,300 | +23,300 +7,940 | +8,080 | +6,150 | +5,150 
a ere +980 +1,372 | +435 | +443) +188) +4179 

Radioactivity un- | | | 
accounted for...| 9,520 | 2,228 | 1,825 | 727 o42| 571 

| 

TABLE II 


Effect of Pyruvate Inhibition of Lactic Dehydrogenase on Glucose 
Metabolism in Leukocyte Homogenates 
Aliquots of leukocyte homogenate containing the equivalent of 10° cells were 
incubated for 120 minutes in pairs of flasks. Flask 1 contained 30 uwmoles each of 





glucose-U-C" (37,900 c.p.m.) and unlabeled pyruvate; Flask 2 contained 30 umoles | 
each of unlabeled glucose and pyruvate-2-C™ (18,500 c.p.m.). Both flasks contained | 


the other additions usually present in the aerobic glycolysis system. The figures | 


represent total changes in radioactivity in counts per minute per incubation. Ex- 
perimental details are given in the text. 


| | 





Type of leukocyte 











Flask No. | Compound l : _ igecr 
| Nomi | Mestre | Minm 

1 Glucose | —10,500 —4,470 —1,580 
Pyruvate +5, 288 +2, 688 +990 

Lactic acid |  +1,960 +940 | +310 

CO, +330 +174 +63 

2 | Glucose +11 +10 0 
Pyruvate — 2,250 —1,040 — 432 

Lactic acid | +1,480 +780 +280 

COz 


453 | +60 4-46 





2-C¥ (G° + P*). In both flasks, pyruvate was added in a concentration 
(0.011 m) which was earlier shown ((2), Fig. 3) to inhibit lactic dehydrogen- 
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ase to a large extent. At the end of the incubation, concentrations and 
total radioactivity of residual glucose, pyruvate, and lactic acid were de- 
termined. The results showed that disappearing glucose and glucose 
radioactivity were largely accounted for by increases in the concentration 
and radioactivity of pyruvate and lactate. The extent of the increase 
in pyruvate radioactivity in the (G* + P°) flask and the small decrease 
in the (G° + P*) flask, most of which appeared in lactic acid, indicate 
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Fic. 1. The utilization of lactic acid by myelocytic leukemia leukocyte homog- 
enate. An aliquot of homogenate containing the equivalent of 108 cells was incu- 
bated in three flasks containing, respectively, 30 wmoles of glucose-U-C", specific 
activity 56,400 c.p.m. per ymole (GLUC’); 30 wmoles each of unlabeled glucose and 
lactate-U-C™, specific activity 25,600 c.p.m. per umole (GLUC° + LA‘); and 30 
umoles of the same lactate-U-C™ alone (LA*). Except for substrate, all flasks 
contained the other ingredients usually present in the aerobic glycolysis system. 
Samples were taken at timed intervals. A, total flask lactic acid versus time, as 
determined chemically. B, total radioactivity of flask lactate-C' versus time, as 
measured on lactic acid isolated by silica gel chromatography. The details are 
given in the text. 


that pyruvate accumulates when lactic dehydrogenase is inhibited and 
implies that the bulk of utilized glucose is converted to lactic acid via 
pyruvate. This would cast doubt on the recently revived notion (20) 
that a significant portion of lactic acid is formed via methylglyoxal in 
leukocytes. 

The question arises as to whether lactic acid can be reutilized. In the 
experiment in Fig. 1, a myelocytic leukemia homogenate was incubated 
alone and with added glucose in a fortified system containing 30 ymoles of 
uniformly labeled lactic acid, which had been isolated chromatographically 
from a previous large scale incubation of homogenate and glucose- 
U-C“. In Fig. 1, A, lactic acid levels are plotted versus time and a refer- 
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ence curve obtained in a standard glucose incubation is shown for com- 


parison. It is seen that some lactic acid utilization can be demonstrated 


by ordinary assays in the absence of added glucose, but that active glucose 


glycolysis masks lactic acid utilization. In Fig. 1, B, total radioactivity | 


TaBLeE III 
Comparisons of Aerobic Glycolytic Rate and Glycolytic Enzyme Activities of Normal, 
Myelocytic Leukemia, and Lymphocytic Leukemia Leukocytes 
The figures represent activity levels relative to mean activity in normal cells 
(set equal to 100) + standard error of the mean.* The data from which these ratios 


were calculated were expressed as activities per 10! cells.t Each figure represents | 


° ° . . - - 
the mean of separate determinations on the leukocytes of four to eighteen indi- | 
viduals. All but three of the figures represent the averages of ten or more deter- | 








minations. 
Type of leukocyte 
Activity —T ; rie: 
Normal ‘an | “Gee 
MEE MONON. oo 5k dicks s Sawbhasedinss 100 + 12 29+ 4 11 +2 
Hexokinaset...... Pie ae Ree 100 + 12 47+ 5 17 +2 
Phosphohexose isomerase......... ......| 100 + 11 | 100 + 18 26 + 3 
Phosphofructokinasef.................. | 100 + 15 424 5 17 +2 
Aldolase ..... peakan aaa ee eee ree 100 + 6 | 107 + 5 35 + 1 
Triosephosphate isomerase............... 100 + 11 | 1066+ 8 32 + 3 
Glyceraldehyde-3-phosphate dehydrogenase.| 100 + 12 59 + 6 19 + 2 
Pyruvate kinase........ ride a eee ares 100 + 13 37 + 5 13 +3 
Lactic dehydrogenase.................... 100 + 12 41+ 3 24 + 3 
Glucose-6-phosphate dehydrogenase...... 100 + 10 38 + 4 18 + 1 
6-Phosphogluconate dehydrogenase........| 100 + 12 414 3 17 +1 
Phosphopentose isomerase........... ei 100 + 11 98 + 12 24 + 3 
* Calculation of the standard error of the mean, s.e. = ~/Zd?/n(n — 1). 


7 Six cell counts were made on saline suspensions before homogenization. When 
the standard deviation of the mean of the suspension counts was computed and 
expressed as a percentage, the mean standard deviation of a series of 187 suspensions 
was 8.1 per cent. The standard deviation of this mean was 2.1 per cent. 

tA small number of determinations gave erratically low values and were dis- 
carded before calculating mean. 


in flask lactic acid is plotted versus time. Radiolactate is utilized but the 
rate of utilization is greater in the presence of added glucose, presumably 
because of the accelerated turnover of pyridine nucleotides in the cours 
of subsequent carbohydrate metabolism. It is also seen that some of the 
utilized lactic acid radioactivity reappears in lactic acid later in the incubs- 
tion. Similar results were obtained with normal and lymphocytic leukemia 
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homogenates, although the rates of lactic acid utilization were low in the 
lymphocytic leukemia homogenates. 

Levels and Properties of Individual Glycolytic Enzymes—To approach the 
problem of rate control, a number of glycolytic enzymes were directly 
assayed. In Table III, the results are given on a comparative basis with 
activities in normal tissue set equal to 100. Comparable data are also 
given for the over-all glycolytic rates. Of the enzymes assayed, the levels 
of all but four (phosphohexose isomerase, aldolase, triosephosphate isom- 
erase, and phosphopentose isomerase) are roughly proportional to the 
levels of over-all glycolysis. These four are present in the same concen- 
trations in myelocytic leukemia cells as in normal cells, despite the fact 
that leukemic cell glycolysis is lower than that of normal cells. Likewise, 
the four enzymes are less depressed in lymphocytic leukemia cells than is 
the over-all glycolytic rate.‘ 

In looking for prospective rate-limiting steps, the necessary comparison 
is that between the maximal capacities of the individual enzymes and the 
maximal capacity of the over-all system. This information was obtained 
by computing the Vinax for each enzyme in Lineweaver-Burk plots. The 
results show (Table IV) that, of the maximal capacities measured, that of 
hexokinase most closely corresponds to the maximal capacity of the over-all 
glycolytic system, with phosphofructokinase a close second. Several 
enzymes, notably the ketose-aldose isomerases and phosphohexose and 
phosphopentose isomerase, are present in enormously larger amounts than 
is necessitated by their role in glycolysis. Interestingly, both dehydrogen- 
ases of the phosphogluconate pathway have a lower Vinax than that of the 
over-all glycolytic system, presumably placing an upper limit on the volume 
of metabolic traffic capable of entering this pathway. This point is ex- 
plored further in the following paper (3). 

To rule out the possibility that the apparent differences in enzyme levels 
between normal and leukemic tissues are, in fact, due to differences in the 
properties of normal and leukemic enzymes, comparisons were made 
between the Michaelis constants and pH-activity curves of analogous 
normal and leukemic enzymes. As was true for the four enzymes reported 
in detail in the previous paper (2), no differences were noted in these 
parameters between the normal and leukemic forms of any of the enzymes 
studied. For this reason, only mean Michaelis constants are given in 
Table IV and pH-activity data are omitted. These values agree generally 

‘ As previously reported (2), the expressing of these data per mg. of cell nitrogen 
does not alter these differences, although the patterns of the two leukemic tissues 
are brought closer together by this calculation. A series of determinations of nor- 
mal, myelocytic leukemia, and lymphocytic leukemia leukocyte homogenate total 
nitrogen gave mean values (+ standard error) of 180.2 + 11.4, 168.6 + 11.6, and 
72.2 + 1.8 mg. of N per 10"° cells, respectively. 
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with the reported values for corresponding enzymes from other biological 
sources. 


Time-Course of Concentration of Glycolytic Intermediates—An approxi- | 
mate method for following the time-course of the concentrations of certain | 


glycolytic intermediates was developed to aid in determining the time 


required for the establishment of steady state metabolism and in testing | 


TaBLeE IV 


Comparisons of Vmax and K,, Values of Glycolytic Enzymes of 
Normal and Leukemic Leukocytes 
Velocities expressed as micromoles of triose or triose equivalents produced or 
converted per minute per 10" cells. For purposes of comparison, 1 mole of the 
substrates of glucose-6-phosphate dehydrogenase, 6-phosphogluconate dehydro- 
genase, and phosphopentose isomerase is ¢ considered equivalent to 2 moles of triose. 

















Computed Vmax 
Activity | Myelo- Lymph- K;* K.* 

[Normal | 7B | grate 

| | mia mia 
Aerobic — —“ ME rice Bice ncraes 75 22 | 8 | 2.5 X 10-4 
Ere eee ree | 86 40 15 | 3.5 X 10-4 | 3.0 xX 10° 
Phosphohexose isomerase............ | 4950 | 4950 | 620 | 1.7 x 10 | 
Phosphofructokinase................ | 115), 48 19 | 1.8 X 10-4 | 2.5 X 10° 
eh eto Sac awa 96 anh aia | 155 167 53 | 7.3 X 1074 | 
Triosephosphate isomerase.........| 292 | 310 93 | 3.9 X 10-4 | 
Glyceraldehyde- — dehy- | | 

drogenase...................c0c00 | 512| 320} 96/3.4x 10-5| 4.1 x 105 

eee | 162 | 60 20 | 1.0 X 10 
Lactic dehydrogenase.............. | 600 | 360} 180 | 2.5 X 10°*| 4.9 X 10° | 
Glucose-6-phosphate dehy drogenese. 55 | 21 10 | LIxmw | 1.3 X 10° | 
6-Phosphogluconate dehydrogenase . | 45) 18 8 | 1.2 X 10-5} 2.1 X 10° 
Phosphopentose isomerase........... | 4800 | 4690 | 1150 | 1.4 X 10-3 | 





* Means of normal, myelocytic leukemia, and lymphocytic leukemia values. 
K, is Michaelis constant for substrate; K., Michaelis constant for coenzyme. 


suspected rate-limiting enzymes in experiments which involve supplementa- 


tion with purified enzymes. 

The procedure consisted of sampling double sized incubations (5.6 ml. 
at timed intervals. The 1.0 ml. samples were added to 0.4 ml. of 10 per 
cent trichloroacetic acid. Lactic acid was measured in a 0.3 ml. aliquot 


of protein-free filtrate and a 0.2 ml. aliquot was treated with cysteine and | 
carbazole by use of Axelrod’s modification (16) of the procedure of Dische | 


and Borenfreund (21). After chromogen development for 24 hours® at 


5 Color development must be continued for 24 hours to show triose chromogens. 
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25°, visible absorption spectra were recorded in the Beckman DK spec- 
trophotometer, a zero time sample being used as blank. As shown in 
Fig. 2, A, a reference preparation of ribulose 5-phosphate had an absorption 
maximum at 545 my and the spectral ratio Dses/ Dsss was 0.89; the fructose 
§-phosphate maximum was at 565 my and Dses/Dsss equaled 1.13; glycer- 
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Fic. 2. Recordings of the visible absorption spectra of cysteine-carbazole chromo- 
gens after color development for 24 hours. Vertical broken lines indicate the 545 
and 565 my wave lengths. Spectrophotometer cells, 3.0 ml.;d = 1.0em. A, spectra 
of known compounds and mixtures. The following concentrations are micromoles 
per ml. in cuvette. Curve R, ribulose 5-phosphate, 0.067; Curve F, fructose 6-phos- 
phate, 0.040; Curve G, glyceraldehyde 3-phosphate, 0.0033. The M curves repre- 
sent known mixtures of the three compounds. B, samples collected at timed inter- 
vals from glucose incubation. Normal leukocyte homogenate (0.50 X 10 cells). 
Usual aerobic glycolysis system used on double scale. C, samples collected at timed 
intervals from ribose 5-phosphate incubation. Lymphocytic leukemia leukocyte 
homogenate (1.86 X 10° cells). Usual aerobic glycolysis system used on double scale, 


except that substrate was ribose 5-phosphate (0.005 m). Experimental procedures 
are described in the text. 


aldehyde 3-phosphate absorbed maximally at approximately 710 my and 
its concentration was proportional to (Deseo — Dyeo). 

Since the extinction coefficients of ribulose 5-phosphate and fructose 
6-phosphate® are approximately equal (¢€i for ribulose 5-phosphate = 
11.90; ee for fructose 6-phosphate = 12.35), the percentage composition 


* In the following statements, ‘‘ketohexose”’ is used interchangeably with fructose 
6-phosphate and “‘ketopentose’’ with ribulose 5-phosphate, although the cysteine- 
carbazole method is not specific for the two compounds. It is further assumed that 
all ketopentoses and ketohexoses have the same extinction coefficient as ribulose 
j-phosphate and fructose 6-phosphate, respectively. 


XUM 
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of a mixture of the two may be calculated from the observed ratio, Ds¢5/- 
Deas. This percentage may then be used with the extinction coefficients to 
calculate what per cent of Dss; is due to ribulose 5-phosphate and what per 
cent of Dss5 to fructose 6-phosphate. The validity of this calculation was 
established in known mixtures. 

In a family of timed curves from a glucose incubation (Fig. 2, B), the 
maximum at 10 minutes lies between 545 and 565 muy, indicating the 
early appearance of both ketohexose and ketopentose, presumably owing to 
simultaneous passage of glucose 6-phosphate into the Embden-Meyerhof 
glycolytic and the phosphogluconate pathways. In later curves, the 
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Fig. 3. Plot of Dses/Ds45 ratios from timed interval cysteine-carbazole chromogen 
spectra versus time in glucose and ribose 5-phosphate glycolysis. Experiments were 
similar to those shown in Fig. 2, B, and C, except that normal leukocyte homogenate 
(0.52 & 108 cells) was used. 


maximum shifts toward 565 my. When ribose 5-phosphate is the substrate 
(Fig. 2, C), the maximum at 10 minutes is at 545 my, shifting toward 565 
muy in later curves. Plots of Dses/Dsas versus time in the glucose and ribose 
5-phosphate incubations are shown in Fig. 3. The ribose 5-phosphate 


curve appears to be converging upon the glucose curve and, in time, would | 


undoubtedly meet it at a common equilibrium point denoting steady state 
metabolism. 

When actual amounts of the three intermediates are computed, their 
time-courses may be plotted (Fig. 4). The curves show that in the initial 
moments of glucose glycolysis, when the concentrations of all intermediates, 
including glucose 6-phosphate, are close to zero, the amounts of newly 
formed ketohexose and ketopentose are about the same. The rate at which 
the concentration of an intermediate increases in a previously empty pool 
is, of course, partially dependent upon the rate of removal. This rate is 











kno' 
that 
5-ph 
of tl 
this 
phos 
the 

mor 
thre 
cone 


Fi 
ketor 
hyde 
The « 
given 

As 
curv 
the 
appe 
accu 
relat 

Ey 
intac 
extra 
densi 
nary 
A, @ 
tive | 


)s65/- 
ts to 
t per 


| Was 


, the 
r the 
ng to 
erhof 
, the 





omogen | 


ts were 
ogenate 


strate 
rd 565 
| ribose 
ysphate 





would 
y state 


1, their 


> initial | 
odiates, | 
; newly | 
t which | 


ty pool 
; rate is 





W. 8S. BECK 263 
known directly only for fructose 6-phosphate. If it is assumed, however, 
that both removal rates are negligible while the concentrations of ribulose 
5-phosphate and fructose 6-phosphate are still low, then the early segments 
of the ketohexose and ketopentose curves in Fig. 4, A, indicate that in 
this period almost half of the utilized glucose 6-phosphate enters the phos- 
phogluconate pathway. An explanation for this observation is proposed in 
the following paper (3). As metabolism proceeds, pool sizes come under 
more complex influences; the ketopentose pool becomes smaller, and all 
three intermediates enter the steady state wherein the rate differential of 
concentration equals zero. 
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Fic. 4. Calculated time-courses of ketohexose (K-hex) (fructose 6-phosphate), 
ketopentose (K-pent) (ribulose 5-phosphate), and triose phosphate (Tr) (glyceralde- 
hyde 3-phosphate) concentrations in glucose and ribose 5-phosphate glycolysis. 
The data are from the experiments shown in Fig. 3; the method of calculation is 
given in the text (see footnote 6). 


As expected from the Ds¢5/Dsis curves in Fig. 3, the ribose 5-phosphate 
curves in Fig. 4, B, show that the steady state is being approached in 
the 2nd hour but has not yet been reached. Here, ribulose 5-phosphate 
appears early and begins disappearing as fructose 6-phosphate slowly 
accumulates, the shapes of the two curves implying a precursor-product 
relationship between the former and the latter. 

Experiments are now in progress to obtain similar information for 
intact cells by incubating them with glucose-U-C", followed by acid 
extraction of the washed cells, paper chromatography, radioautography and 
densitometry, or elution and counting. The curves obtained in prelimi- 
nary experiments are almost identical to the homogenate curves in Fig. 4, 
A, except for the more rapid attainment of the steady state. 


The rela- 
tive pool sizes of the three intermediates are similar. 
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Role of Hexokinase and ADP—If hexokinase is the rate-limiting enzyme 
of glycolysis, an increase in the rate of lactic acid production would be 





expected if the level of hexokinase were increased by supplementation with 
pure enzyme or if hexokinase were bypassed by using glucose 6-phosphate | 
as substrate. Both predictions are borne out in normal leukocyte prepara- 
tions by the data in Table V. Doubling the hexokinase level by supple. 


TABLE V 
Effect of Supplementation with Purified Enzymes on Rates of Lactic Acid Production 
in Glucose and Glucose 6-Phosphate Glycolysis 
The figures represent glycolytic rates relative to the rate (set equal to 1.00) in the 
usual aerobic glycolysis system with glucose as substrate, as described in the text, 
Purified hexokinase was added in amounts which yielded final hexokinase levels per 
flask of 2, 5, and 10 times the endogenous level, respectively. Other enzymes were 
added in amounts needed to increase endogenous activity 5-fold. When used, the 
amount of added TPN was 0.3 umole. Substrate concentrations were 0.005 mM. In- 











cubation times, 2 hours. 
Type of leukocyte 
Substrate | Other additions ee a ana — 
| | Newt | ‘eae | “Wehoue 
Ghee | Mew 1.00 | 1.00 | 1.00 
“e | Hexokinase (X 2) 1.46 1.81 
- fs (X 5) 1.39 3.04 1.96 
= - (X 10) | 1.49 3.04 
" Glucose-6-phosphate dehydro- | 1.03 1.08 0.97 
genase; TPN | 
” Aldolase | 1.06 1.01 1.05 
- Glyceraldehyde-3-phosphate | 1.02 1.06 
dehydrogenase P 
” Lactic dehydrogenase 1.09 | 1.09 
G-6-P None 1.42 0.92 1.02 | 
” Glucose-6-phosphate dehydro- | 1.58 1.15 1.10 





genase; TPN 





| 
mentation increases the glycolytic rate almost 50 per cent, and further} 
additions of hexokinase increase it no further. A similar increase occurs 
with glucose 6-phosphate as substrate. With myelocytic leukemia leuko 
cytes, however, a 300 per cent increase occurs upon continued addition of 
hexokinase, but, interestingly, no increase occurs with glucose 6-phosphate 
as initial substrate, implying the critical necessity of active glucose phos 
phorylation as a source of ADP and suggesting that ADP production may | 
be low in leukemic cells. Data supporting this conclusion are shown i | 
Table VI. When ADP is added to glycolyzing systems containing gluco 
and the usual amount of added ATP, a larger per cent increase in the 
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rate of lactic acid production is observed in leukemic than in normal 
homogenates. 

If leukemic cells are deficient in ADP-generating systems, ATPase 
supplementation might be expected to alter the time-courses of lactic 
acid, ketohexose, and triose phosphate production. ATPase was prepared 
from rabbit muscle according to Kielley’s modification (22) of the method 
of Kielley and Meyerhof (23). The preparation used was the ultracen- 
trifuged ammonium sulfate fraction (Step 4, specific activity (Qp), 3850). 
The results in myelocytic leukemia homogenate are shown in Fig. 5. In the 


TaBLe VI 
Effect of Added ADP on Rate of Lactic Acid Production from Various Substrates 
The figures represent glycolytic rates relative to the rate (set equal to 1.00) in the 
usual aerobic glycolysis system with glucose as substrate, as described in the text. 
ATP (4 umoles) was present in all flasks. ADP (4 umoles) was added to the flasks 
designated +. In flasks to which purified hexokinase was added, the final hexo- 
kinase level per flask was 5 times the endogenous level. Incubation time, 2 hours. 




















| Type of leukocyte 
Substrate | Other additions | ADP : ‘ 
| | Normat | Myslocytic | Lamphocytic 
| 
Glucose — 1.00 1.00 1.00 
- + 1.29 2.25 2.16 
se Hexokinase - 1.61 3.04 2.78 
i - + 1.86 3.46 3.15 
HDP* — 1.38 1.26 1.30 
+ 2.00 2.40 2.25 
R-5-P* -- 0.19 0.42 0.22 
™ + | 0.37 | 0.67 0.49 








* Concentration, 0.005 m. 





control tube containing only endogenous ATPase and hexokinase, the rate 
of lactic acid production in the glucose incubation decreased after the 
first 10 minutes. As expected, increases occurred on addition of hexokinase 
or ADP. The steady state concentration of ketohexose was substantially 
elevated after hexokinase addition and slightly lowered after ADP addition. 

It is noteworthy that in leukemic homogenate the steady state concen- 
tration of triose phosphate in glucose glycolysis was slightly higher than 
that of ketohexose, the reverse of the picture in normal tissue (Fig. 4). 
In contrast to its effect on ketohexose, added hexokinase decreased steady 
state triose phosphate concentration presumably because accelerated 
glucose phosphorylation increased the rate of fructose 6-phosphate pro- 
duction without directly promoting its removal via phosphofructokinase, 
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while the acceleration in triose phosphate production and utilization after 
hexokinase addition favored utilization in the steady state after an initial 
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Fic. 5. The effect of added ATPase on the time-courses of lactic acid production 
and of the calculated ketohexose and triose phosphate concentrations in myelocytic 
leukemia leukocyte homogenate, with and without added hexokinase or ADP. All 
flasks contained an aliquot of homogenate equivalent to 108 cells plus the usual 
aerobic glycolysis system on a double scale and other additions. Where ADP was 
present, 6 umoles were added. The amount of hexokinase, when added, increased 
endogenous activity 5-fold. Flasks were sampled at 0, 10, 20, 30, 60, and 120 minute 
intervals. The charts on the left show the results in the absence of supplementary 
ATPase. The aliquot of homogenate used in these incubations liberated 2.0 umoles 
of orthophosphate per hour in a system containing (in micromoles) ATP, 4; barbital 
buffer, pH 7.4, 30; and MgCl., 5. Final volume, 2.0 ml.; incubation time, 15 min- 
utes. The charts on the right show the effect of adding rabbit muscle ATPase 
(see the text) in an amount sufficient to increase endogenous activity 15-fold. Other 
details are given in the text. 


unopposed acceleration in production. That the increase in utilization is 
due to the indirect addition of ADP is suggested by the similar drop in 
steady state triose phosphate concentration after ADP addition. 
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When these observations were repeated after supplementation with 
ATPase, lactic acid production was found to rise. Hexokinase increased 
glycolysis still further although added ADP was now slightly inhibitory. 
The steady state concentrations of both ketohexose and triose phosphate 
were lower and, in both, added hexokinase caused a small rise and ADP a 
small drop. 

Similar, though less clear cut, effects were observed when this experiment 
was repeated with lymphocytic leukemia leukocyte homogenate. The 
addition of similar amounts of ATPase to normal leukocyte homogenate 
had no apparent effect other than a slight increase in the rate of lactic acid 
production. 

Supplementation with the other glycolytic enzymes tested (Table V) 
had no effect on the glycolytic rate in normal and leukemic preparations. 
HDP glycolysis was somewhat higher than glucose glycolysis in all three 
tissues (Table VI). This may be related to the generally higher levels 
of the enzymes which catalyze the HDP — lactate sequence. However, the 
per cent effect of ADP addition in stimulating HDP glycolysis was greater 
in leukemic than in normal preparations. Although all of the enzymes 
of the HDP — lactate sequence have not been studied in detail, the data 
indicate that, with adequate ADP present, the rate of lactic acid production 
from HDP is similar to the Vmax of pyruvate kinase in all three tissues. 
This, then, may be the rate-limiting enzyme of the sub-sequence. 

In studies now in progress, ATPase activity is being assayed directly. 
Although preliminary results suggested a deficiency of ATPase activity 
in leukemic preparations, further studies have indicated the possible 
significance of cell type (as shown in histochemical determinations) and 
surface localization of ATPase activity.’ It is, therefore, not possible 
at present to assess the role of ATPase in the physiological production of 
ADP deficiency in leukemic cells. 


DISCUSSION 


The results may be considered from several points of view. First, 
they bear upon the general problem of rate behavior in metabolic multi- 
enzyme systems. In a theoretical review, Hearon (24) elucidated the 
difficulties inherent in any attempt to predict rate behavior of a complex 
system from knowledge of its component parts. As complexity is increased 
by branching points, coupled reactions, fast steps, catalyst regeneration 
cycles, etc., these difficulties grow more formidable. Hearon nevertheless 
concluded that, when certain conditions are met, rate mastery may be 
assigned to a slow, irreversible step. Theoretically, rate mastery by the 
first step represents the simplest case (in the presence of excess initial 


"Hays, E. F., and Beck, W. S., unpublished. 
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substrate) and mastery may be assigned to the first step when it is slow 
and irreversible or, if reversible, when the second step is fast. Since the 
hexokinase reaction is a slow and irreversible first step, followed by a fast 
second step, it corresponds to Hearon’s Cases I and IT and hexokinase may, 
therefore, be considered the rate-limiting enzyme of glycolyzing leukocyte 
homogenates. 

No statement can be made at this time about glycolytic rate control in 
intact cells where permeability, diffusion, and structural orientation un- 
doubtedly play a part. However, the present results do indicate that 
over-all glycolytic rates are the same in homogenates and intact cells 
(Table I) and preliminary results suggest fundamentally similar concentra- 
tion patterns of various intermediate pools. This similarity of intact and 





homogenized leukocytes is in contrast to reported results in a number of 
other tissues such as mouse ascites tumor cells (25) in which the glycolytic 
sapacity of intact cells is exceeded by that of homogenates and by the 
maximal capacity of cell hexokinase. The significance of this difference 
remains to be determined. 

It is of interest that, unlike ascites tumor cells, normal leukocytes show 
no Pasteur effect (26). Conversely, an active Pasteur effect is reportedly 
found in both types of leukemic leukocytes. If, as suggested by Lynen 
(27) and others, the Pasteur effect is due to a depletion of the ADP avail- 
able for glycolysis by accelerated oxidative phosphorylation, the presence 
of a Pasteur effect in leukemic but not in normal leukocytes may relate to 
the deficiency in ADP production suggested by the present studies. Our 
early data (1) showed no so called Crabtree effect in either normal or leu- 
kemic homogenates. 

Finally, the results further characterize the normal human blood leuko- 
cyte and its leukemic analogues. It is shown that the normal leukocyte is 
a normal cell with a high aerobic glycolytic rate, no evidence having been 
found to suggest that this pattern is a metabolic consequence of injury. 
Moreover, in this tissue, it is the malignant variant which has the lower 
glycolytic rate. It is seen that leukemic leukocytes possess a characteristic 
and abnormal metabolic pattern. As shown previously (28), a striking } 
feature of this pattern in myelocytic leukemia cells is the abnormally low 
level of alkaline phosphatase activity. The results do not yet indicate 
whether this decrease is paralleled by the ATPase levels, but preliminary 
data’ indicate that ATPase does parallel alkaline phosphatase in those 
non-leukemic disorders (e.g. leukocytosis, polycythemia vera, etc.) (28, 29) 
showing high elevations in alkaline phosphatase activity. 





SUMMARY 


Isolated human blood leukocytes have a predominantly aerobic glycolytic 
metabolism, but the rates of lactic acid production per cell are significantly 
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lower in chronic myelocytic leukemia and chronic lymphocytic leukemia 
leukocytes than in normal ones. 

An attempt was made to explain these differences by identifying the 
rate-limiting or master reaction in the three tissues. Comparisons were 
made between (a) the Vinax of the individual glycolytic enzymes and that 
of the over-all glycolytic systems; (b) the time-courses of the concentrations 
of various intermediates before and during steady state metabolism; (c) 
these patterns in normal and leukemic tissues; and (d) the effects of sub- 
strate variation and enzyme supplementation in each tissue. 

The results indicate that hexokinase is the chief rate-limiting enzyme 
of glycolysis in both normal and leukemic leukocyte homogenates. Since 
leukemic preparations are hexokinase-deficient, their glycolytic rate is 
diminished. In addition, hexokinase (together with phosphofructokinase 
and possibly other enzymes) is a significantly more important factor in 
maintaining an adequate ADP level in leukemic than in normal homoge- 
nates because the leukemic preparations are also deficient in other ADP- 
generating systems. Thus, ADP formation in leukemic homogenates is 
doubly impaired and the glycolytic rate is correspondingly diminished. It 
is concluded that similar mechanisms may operate in the intact cell. 

The main product of glucose metabolism is lactic acid and the main 
source of lactic acid is glucose. The bulk of the lactic acid arises via pyru- 
vate, and lactic acid, once formed, is reutilized. 

No differences were found in the properties of the corresponding gly- 
colytic enzymes of normal and leukemic leukocytes. 


The author acknowledges the technical assistance of Phyllis Talmage, 
Julianne Hitt, and Ione Crawford. Thanks are also due to Dr. Esther 
Hays for her assistance with the chromatographic isolation and radioassay 
of lactate-C™. 
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OCCURRENCE AND CONTROL OF THE PHOSPHOGLUCONATE 
OXIDATION PATHWAY IN NORMAL 
AND LEUKEMIC LEUKOCYTES* 


By WILLIAM 8S. BECKt 
(From the Atomic Energy Project and the Department of Medicine, 
University of California Medical Center, 
Los Angeles, California) 


(Received for publication, September 25, 1957) 


In connection with the studies on the control of leukocyte glycolysis 
reported in the preceding paper (1), an attempt was made to measure the 
metabolism proceeding via the phosphogluconate pathway in leukocytes 
and to determine, if possible, the factors controlling its extent. The 
latter problem is of particular interest since the initial step in this pathway 
forms a branching point in a larger sequence whose own pacemaker has 


| been shown to be the step immediately preceding the branching point. 


This raises the possibility that the direction of metabolism may be con- 
trolled by the availability or concentration of the substrate which faces 
alternative pathways at the branching point (7.e., glucose 6-phosphate) 
rather than by the concentrations of individual enzymes. This would 
be in contrast to the over-all glycolytic system which, in the presence of 
excess substrate, is limited by the concentration or maximal capacity of a 
single enzyme (7.¢., hexokinase). 

Since it has already been shown (1, 2) that most of the utilized glucose 
is converted to lactic acid, it may be assumed that only a small fraction 
traverses the alternative path. In the present paper, this supposition 
is confirmed by both “positive” and “negative”? methods (in the terms 
of de Duve and Hers (3)). It is also shown that the per cent of utilized 
glucose which enters the phosphogluconate pathway is higher in leukemic 
than in normal cells. The factors controlling the extent of this type of 
metabolism in leukocytes have apparently been elucidated and an ex- 
planation is proposed for the observed differences between normal and 
leukemic leukocytes. 


Materials and Methods 
The details concerning leukocyte preparations, assay methods, materials, 
and isotope technique are given in the preceding paper (1). 
* Based on work performed under contract No. AT-04-1-GEN-12 between the 


Atomic Energy Commission and the University of California. 
t Present address, Massachusetts General Hospital, Boston 14, Massachusetts. 


271 








272 CONTROL OF PHOSPHOGLUCONATE PATH 


EXPERIMENTAL 


Demonstration and Estimation of Phosphogluconate Pathway—The well 
known difficulties inherent in the various methods of measuring the extent 
of metabolism traversing the phosphogluconate path have been reviewed 
by Wood (4) and Korkes (5). Essentially, they relate to the extensive 
isotopic randomization which occurs in the tissues tested among the prod- 
ucts of the phosphogluconate pathway as a result of repeated turns of 
the metabolic cycle, and to the complex dilution effects in the pools of 
various intermediates common to the phosphogluconate and Embden 
and Meyerhof glycolytic (E-M)! pathways. To these considerations 
may be added another peculiar to tissues (such as leukocytes) whose ratio 
of TCA cycle to glycolytic activity is exceedingly low (2). Since, in these 
circumstances, the principal product of glucose catabolism is lactic acid, 





the low level of CO: production in the TCA cycle makes meaningless any 
ratio between CO, derived from glucose-1-C“ and that derived from 
glucose-6-C™ as a basis for calculating the per cent of utilized glucose 


which enters the phosphogluconate pathway. If CO: assays are to be | 


used in such a tissue, the necessary comparison is between the amount of 
glucose entering the alternative path, as determined from the rates of 
non-TCA cycle C“O, production from glucose-1-C™ or glucose-U-C", and ! 
the amount of glucose converted to lactic acid. 

For these reasons, the calculation of the per cent of glycolyzed glucose 
entering the phosphogluconate path and the assumptions upon which it 
was based were as follows: Simultaneous incubations were run in parallel 
flasks containing 50 umoles each of glucose-6-C™, glucose-1-C™, and glucose. | 
U-C*, respectively, plus buffer, tissue, and the various cofactors usually 
present in the aerobic glycolysis system (1). After the determination | 
of initial radioactivities in the three flasks, a correction factor was computed 
for glucose-6-C™ and glucose-U-C™ which, when applied, would make 
their initial specific activities equal to that of glucose-1-C“. By using 
these factors to correct observed CO: radioactivities, direct comparison 
of the three flasks was facilitated. Glucose utilization and lactic acid | 
production were determined and CO, was collected and assayed for} 
radioactivity. 

It was assumed that all CO, formed from glucose-6-C™ arose in the 
TCA cycle2 Since the amounts of the three sugars converted to C“; 





1 The abbreviations used are as follows: E-M pathway, Embden-Meyerhof gly- 
colytic pathway; TCA cycle, tricarboxylic acid cycle; glucose-U-C™, uniformly 
labeled glucose-C*; TPN, triphosphopyridine nucleotide; TPNH, dihydrotriphos- 
phopyridine nucleotide; DPN, diphosphopyridine nucleotide; F-6-P, fructose 6- 
phosphate; G-6-P, glucose 6-phosphate; K,, Michaelis constant for substrate; Tris, 
tris(hydroxymethyl)aminomethane; Gluc, glucose; HK, hexokinase. 

2 No account was taken in this calculation of the fact that methyl-labeled pyr 
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in the TCA cycle were the same, essentially the same amount of C“O, 
radioactivity arose in the TCA cycle in all three flasks. Therefore, the 
difference between the radioactivity of C“O. formed from glucose-6-C™ 
and that of C“O, formed from glucose-1-C™“ or glucose-U-C" represents, 


TaBLe I 


Calculation Used to Compute Per Cent of Utilized Glucose Entering Phosphogluconate 
Pathway in Experiments Based on Radiochemical Yield of 
C40, from Labeled Glucose 


The following calculation was used to compute the results with normal leukocyte 
homogenate in Table II. Homogenate was incubated in three flasks containing 50 
ymoles of glucose-6-C™, glucose-1-C", and glucose-U-C", respectively; total glucose 
utilization, 29.2 wmoles, total lactic acid production, 49.0 ymoles. After measure- 
ment of the initial radioactivities, the activities of glucose-6-C™ and glucose-U-C™ 
were assumed to equal that of glucose-1-C™: 56,400 c.p.m., specific activity, 1128 
(c.p.m. per umole). By appropriate calculations, observed levels of CO2 radioac- 
tivity were adjusted to correspond with this assumption. Corrected data are used 
in the calculation below. Other details are given in Table II. 





| 
| 


Labeled glucose 





Calculation No. <ctaidiinieaieceiiall 


Glucose 6.C+|Gluae-1.CH wor 





| 


1. Radioactivity appearing in COs, c.p.m....... 27 | 607 | 197 


2. C“O2 radioactivity arising in TCA cycle, c.p.m.| 27 27 27 
. * a ” ** non-TCA cycle 
metabolism = — (2), c.p.m. 0 | 580 | 170 
4. Glucose <li A CO, in non- -TCA « cy yele 
metabolism = (3)/1128 or 188,* wmole........| 9 | 0.51 | 0.90 
5. Glucose converted to lactic acid, wmoles...... 24.5 | 24.5 | 24.5 
6. % glycolyzed glucose entering phosphogluco- | | 
nate pathway = 100 X (4)/(5)f..... z.1 3.7 











* Specific activity of 1128 i is ‘used j in glucose- 1- Cu calculation because all radio- 
activity is in C-1; specific activity of 188 is used in glucose-U-C™ calculation because 
one-sixth of radioactivity is in C-1. 

{ Assuming that all conversion of glucose to COs in non-TCA cycle metabolism 
occurs in phosphogluconate pathway. 


for the latter sugars, the CO, radioactivity arising outside the TCA 
cycle, from which may be derived the amount of glucose converting to CO» 
in non-TCA cycle metabolism. Assuming that this CO, arises in the 
phosphogluconate pathway, thus giving a measure of the amount of glucose 
entering this path, the per cent that this amount represents of the amount 

















vate formed from nial requires several turns of the TCA cycle before its 


C¥ is converted to COs, or of possible channels for loss of C™ other than as CO. 
via the TCA cycle. 
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of glucose converted to lactic acid is taken as the per cent of glycolyzed 
glucose which traverses the alternative pathway. 





Table I gives a sample calculation from data obtained with norma] 
leukocyte homogenate, and Table II presents the calculated percentages 
of phosphogluconate pathway metabolism in homogenized and _intaet 
normal and leukemic leukocytes. It is seen that in all three tissues less 


| 


| 
TaBLeE II 
Per Cent of Glycolyzed Glucose Entering Phosphogluconate Pathway Based on Rates 
of C“O2 Production from Labeled Glucose 
Aliquots of homogenized or intact leukocytes containing the equivalent of 10 
cells were incubated in three flasks containing 50 wmoles of glucose-6-C"™, glucose-l. 

C, and glucose-U-C", respectively, plus the other additions usually present in the 

aerobic glycolysis system. Incubation time, 2 hours. The experimental details are 

given in the text. The results were calculated according to the method and assump. 
tions given in Table I and in the text. 








Type of leukocyte 














Determination Normal yw —- | 
| | | 
| — | Intact | —— | Intact —. | Intact 
Glucose utilized, wmoles | 29.2 | 22.2 | 9.0 | 7.8 5.6 | 4.2 
“ converted to lactic acid, | 24.5 | 30.5 | 8.2 8.4 4.5 | 2.6 | 
pmoles | | 
Glucose converted to C™O, in non- | | | | i 
TCA cycle metabolism, umoles | | | | 
From glucose-1-C™ data 0.51 | 0.67 | 0.31 0.31 | 0.15 | 0.08 
‘* ~ glucose-U-C™ data 0.90 | 1.10 | 0.66 | 0.69 | 0.44 | 0.3 
% glycolyzed glucose entering phos- | | 
phogluconate pathway | 
From glucose-1-C™ data 2.1 2.2 23 | 37 3.3 | 3.1 
‘*  glucose-U-C™ data 3.7 3.6 8.0 | 8.2 9.6 


than 10 per cent of the glycolyzed glucose traverses the alternative path- | 
way, although the percentages are higher in leukemic than in normil 
cells. The differences between the calculated results in the glucose-1-C" 
and glucose-U-C™ incubations presumably reflect differing extents of 
isotopic randomization in the two systems. .That such randomization 
occurs in the course of a 2 hour incubation is indicated by the exper- 
ments described below. 

To confirm the calculations based on measurements of C“O:, phospho- 
gluconate pathway metabolism was assessed by a second method derived 
from the work of Blumenthal, Lewis, and Weinhouse (6). In this pro 
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cedure, calculations are made from the relative specific activities of lac- 
tic acid-C' formed from glucose-U-C™ and glucose-1-C" on the assump- 
tion (1) that the E-M and alternative pathways are the only ones involved 
in glucose catabolism, and (2) that trioses derived via the E-M path arise 


TABLE III 
Per Cent of Glycolyzed Glucose Traversing Phosphogluconate Pathway Based on 
Relative Specific Activities of Radiolactate 

Aliquots of leukocyte homogenate containing the equivalent of 10* cells were 
incubated in two flasks containing 30 wmoles of glucose-U-C™ and glucose-1-C", 
respectively, plus the other additions usually present in the aerobic glycolysis sys- 
tem. Incubation time, 2 hours. The methods for the isolation of glucose and lactic 
acid and the measurement of radioactivities are described in the text. Specific 
activities are expressed as counts per minute per micromole. 





Type of leukocyte 








Determination ee ee Sam eR ST —— : # 
| Normal | N2tkeraia, ) "leukemia 
Specific activity of initial | 
Glucose-U-C™* 1808 | 2584 =|: 1580 
Glucose-1-C™ 2422 ~—«'| 3640 ~—| 2200 
Specific activity of lactic acid formed from | 
Glucose-U-C | 912 | 1290 | 786 
Glucose-1-C'* 1194 | 1722 | 948 
Relative specific activity* of lactic acid formed | 
from | 
Glueose-U-C™ 0.504 | 0.499| 0.497 
Glucose-1-C™ 0.493 | 0.473] 0.431 
Corrected relative specific activityT 97.8 | 94.7 | 86.7 
% lactic acid formed via phosphogluconate path- 2.2 | 5.3 13.3 
wayt 


| 


* Equals (specific activity of radiolactate)/(specific activity of initial glucose). 

} Equals (observed relative specific activity of radiolactate from glucose-1-C") /- 
(observed relative specific activity of radiolactate from glucose-U-C™). This is 
equivalent to per cent of lactic acid formed via E-M pathway. 

t Equals (100 — corrected relative specific activity). 


equally from glucose C-1 to 3 and C-4 to 6, while those derived from the 
products of the alternative pathway arise only from C-4 to 6. As shown 
in Table III, the percentages of phosphogluconate pathway metabolism 
obtained by this method generally agree with the results obtained with 
the C“O. method. Owing to their complexity, both methods are incapable 
of great precision. The results have invariably shown, however, that 
the per cent of phosphogluconate pathway metabolism in both types of 
leukemic cells exceeds that in normal cells. 











276 CONTROL OF PHOSPHOGLUCONATE PATH 


Evidence of Reactions Involving Interconversions of Carbon—The observed 
rates of C“O. production from glucose-U-C™, in comparison to the rates | 
from glucose-1-C™ and glucose-6-C™, indicated the occurrence of extensive 
isotopic randomization. The presence of enzymes known to catalyze 
such interconversions was further suggested by the experiment shown in 
Fig. 1 wherein leukocyte homogenate was incubated with ribose 5-phos. 
phate and TPN or DPN. The reduction of TPN indicates that ribose 
5-phosphate had been converted to glucose 6-phosphate, presumably vig 
the transketolase-transaldolase pathway. Further evidence of thes 
“mixing reactions” was found in other experiments which showed that 











o.2F 
TPN added @ 
DPN" 0 
AD340 
0.1 
) 











(0) 40 80 120 
TIME (min.) 


Fic. 1. The conversion of ribose 5-phosphate to glucose 6-phosphate, followed by 
glucose 6-phosphate oxidation in normal leukocyte homogenate. The ordinate | 


shows ADs observed in a cuvette containing, in micromoles, ribose 5-phosphate, 15; | 


Tris buffer, pH 7.4, 50; MgCl., 10; TPN or DPN, 0.3; and an aliquot of normal leuko- 
cyte homogenate containing the equivalent of 1.36 X 10° cells. 


lactate production and ketohexose accumulation are accelerated and in- 
creased by combining glyceraldehyde 3-phosphate and _ sedoheptulose 
7-phosphate as substrates, indicating the presence of effective transketolase 
and transaldolase activity. 


} 
Factors Controlling Amount of Glucose 6-Phosphate Entering Phospho- 


gluconate Pathway—In the experiment summarized in Table IV, norma 
leukocyte homogenate was added at time zero to cuvettes containing var- 
ious concentrations of glucose or glucose 6-phosphate alone or with the 
indicated additions. ADs was recorded graphically in the Beckman 
model DK spectrophotometer. At precisely 110 seconds, the cuvette 
was removed and, at 120 seconds, its contents were added to a tube con- 
taining trichloroacetic acid. The final 10 second segment of the optical 
density curve was estimated by extrapolation. In the absence of added 
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TPN, the change in optical density was negligible. For purposes of 
calculation, this was recorded as an increase in TPNH of <0.003 umole, 
since the method is insensitive to concentrations of TPNH below this 
amount. It was assumed that observed increases in Do were due entirely 
to TPNH formation. 


TaBLeE IV 
Factors Controlling Choice of Alternative Pathway for Glucose 6-Phosphate 
Each incubation contained 50 uwmoles of Tris buffer, pH 7.4, 4 umoles of ATP, 10 
umoles of MgCl», 2 umoles of DPN, an aliquot of normal leukocyte homogenate con- 
taining the equivalent of 1.36 X 10° cells, plus the additions given below. Final 
volume, 3 ml.; duration of incubation, 2 minutes. The procedural details are given 
in the text. A signifies the amounts formed during total incubation. 














Per cent of 
utilized G-6-P 
Additions AF-6-P ATPNH enterin, 
phosphoglu- 
conate path* 
umole umole 
Glue. (0.001 m) 0.026 <0.003f <11.5 
“ (0.001 ‘*) + TPN (0.5 X 10-4 m) 0.018 0.010 35.7 
“ @22")+ “* GSX Ww“) 0.015 0.012 44.3 
* (0.001 ‘‘) + hexokinaset 0.097 <0.003f <3.2 
* (0.001 *‘) + ™ + TPN (0.5 X 0.089 0.013 12.7 
10-4 m) 
Glue. (0.001 m) + hexokinaset + TPN (1.5 X 1074 0.086 0.015 14.9 
M) 
G-6-P (0.0005 m) 0.303 <0.003 <1.0 
“ (0.0005 ‘“‘) + TPN (0.5 X 10-4 Mm) 0.269 0.020 6.9 
“ (0.0005 “) + “ (1.5 X 10-4 *‘) 0.265 0.022 ee 
* (0.001 m) 0.491 <0.003f <0.6 
“ (0.001 ‘*) + TPN (0.5 X 10-4 m) 0.467 0.020 4.1 
Y Gana + “ Gx Bo” 0.480 0.022 4.4 








* Equals (100 X ATPNH)/(AF-6-P + ATPNH). 

t Limit of sensitivity of method. 

t The amount of hexokinase added resulted in a 5-fold increase in the level of 
hexokinase activity per incubation. 


The increase in F-6-P due to phosphohexose isomerase activity (AF-6-P) 
was assayed by the resorcinol method in the trichloroacetic acid filtrate, 
and this was compared with the ATPNH calculated from the ADyo. It 
was thus possible to determine the amount of substrate being simul- 
taneously acted upon in a 2 minute incubation by the two initial enzymes 
in the E-M and alternative sequences acting collaterally. A calculation 
could then be made of the total substrate entering both pathways (AF-6-P 
+ ATPNH) and the actual percentage, when added TPN was present, 
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or maximal percentage, when added TPN was absent, of total utilized 
substrate entering the phosphogluconate path (100 X ATPNH)/(AF-6-P 
+ ATPNH). These would be initial rates and, since the system is as 
far as possible from the steady state, they may be regarded as maximal 
rates. As shown in the preceding paper (1), steady state metabolism is 
not established until the 2nd hour. From data of control experiments 
which show good recovery of added F-6-P and TPNH in 2 minute incuba- 
tions, it is further assumed that immediate removal of formed F-6-P and 
TPNH occurs to little or no extent. The observed rates are, therefore, 
taken as indices of the rates, or limiting rates, at which substrate enters the 
two pathways. 

It is seen in Table IV that the total amount of substrate which enters 
both pathways and the fraction of this total entering the phosphogluconate 
path are both directly influenced by the concentration of glucose 6-phos- 
phate. When the only available glucose 6-phosphate is that produced 
by tissue hexokinase from added glucose (0.001 M) in the absence of added 
TPN, the amount of glucose 6-phosphate which enters the alternative 
path is less than 11.5 per cent of the total glucose 6-phosphate entering 
both pathways. As the glucose 6-phosphate concentration is made higher, 
either indirectly by increasing hexokinase levels in glucose incubations 
or directly by adding glucose 6-phosphate in increasing amounts, there 
is a large increase in the amount of glucose 6-phosphate entering the E-M 
sequence and a corresponding decrease in the per cent entering the al- 
ternative pathway. Although TPN addition at all concentrations of 
glucose 6-phosphate increases the amount and per cent of glucose 6-phos- 
phate entering the phosphogluconate pathways, glucose-6-phosphate 
dehydrogenase is evidently closer to substrate saturation at lower con- 
centrations of glucose 6-phosphate than is phosphohexose isomerase. This 
might have been predicted from the differences in observed Vinax and K, 
values for the two enzymes (1). It is concluded, therefore, that, while 
an upper limit is set upon the volume of substrate entering the phos- 
phogluconate pathway by the Vmax of tissue glucose-6-phosphate dehy- 
drogenase, the difference in Vmax and K, of glucose-6-phosphate dehy- 
drogenase and phosphohexose isomerase makes one operating factor in 


determining the actual volume which enters the alternative path (at least , 


initially) the effective glucose 6-phosphate concentration. In glucose 
glycolysis, this would be dependent upon the level of hexokinase activity 
and the concentration of added glucose. 

A second controlling factor is the level of TPN. In the absence of added 
TPN, systems are required to regenerate the endogenous TPN from TPNH. 
Such systems presumably exist in the electron transport chains connected 
with the TCA cycle and it is noteworthy that in these tissues TCA cycle 
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activity with glucose as substrate is approximately 3 per cent of glycolytic 
activity (2), the same per cent as that of phosphogluconate pathway 
metabolism relative to glycolytic activity. This is compatible with the 
view that a TPN-TPNH shuttle exists between the dehydrogenases of 
the phosphogluconate pathway and the electron transport systems con- 
nected to the TCA cycle, and that the level of TPN and its rate of metabolic 
regeneration play a role in controlling the extent of phosphogluconate 
pathway metabolism. 
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Fic. 2. Effect of glucose 6-phosphate concentration on the fraction of utilized 
glucose 6-phosphate entering the phosphogluconate pathway. The experimental 
procedure and assumptions are given in the text and in Table IV. Myelocytic leu- 
kemia leukocyte homogenate was used in this experiment (2.5 X 10° cells). All in- 
cubations contained TPN (1.5 X 10-4). Abscissa, negative logarithm of glucose 
or glucose 6-phosphate concentration; i.e., 2 represents 10°? mM. Ordinate, the per 
cent of utilized glucose 6-phosphate entering the phosphogluconate pathway. 


Although the effect of TPN addition in increasing the amount of glucose 
6-phosphate entering the phosphogluconate pathway is never very large, 
its minimal percentage effect occurs at the low concentrations of glucose 
6-phosphate existing in glucose glycolysis. This is illustrated in Fig. 2, 
which shows the results of a similar experiment on myelocytic leukemia 
homogenate with various concentrations of glucose and glucose 6-phosphate 
and TPN present throughout. It is seen here and in Table IV that, 
with glucose as substrate in concentrations up to 0.01 m and in the absence 
of added hexokinase, the fraction of glucose 6-phosphate which enters 
the phosphogluconate path is almost 50 per cent. This may be compared 
with the data in the preceding paper (1) which showed that, even in a 
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system lacking added TPN, the initial rates of fructose 6-phosphate and 
ribulose 5-phosphate accumulation in glycolysis were roughly equal. To 
achieve a similar result in the present experiment with glucose 6-phosphate 
as substrate, its concentration had to be lowered to 10-* m. 

The above results are concerned with the rate at which glucose 6-phos- 
phate enters the phosphogluconate pathway initially. The experiment 
shown in Table V suggests that, of the two controlling factors (glucose 
6-phosphate and TPN concentration), the TPN concentration is of lesser 
significance in the steady state. It is seen that the effect of added TPN 


TABLE V 
Effect of Added TPN on Level of Phosphogluconate Pathway Metabolism during Initial 
Period and Steady State 

The total CO, radioactivity is given in counts per minute as obtained in the fol- 
lowing incubations: In Experiment 1, the flasks contained 50 uwmoles of glucose-1-C™ 
(60,400 c.p.m.) with or without 2 umoles of TPN, plus the usual components of the 
aerobic glycolysis system. Center well CO2 was collected and assayed for radio- 
activity after a 1 hour incubation. In Experiment 2, the flasks contained 50 umoles 
of unlabeled glucose with or without TPN, plus the other ingredients. After a1 
hour incubation, a tracer amount of glucose-1-C™ (60,400 c.p.m.) was added to the 
flask and the incubation was continued another 60 minutes before center well CO, 
was removed and assayed for radioactivity. All the flasks contained normal leuko- 
cyte homogenate (0.9 X 108 cells). 











Experiment No. Added TPN | Radioactivity appearing in C40, 
c.p.m,. 
1 Absent | 320 
| Present 490 
2 Absent | 280 


Present | 300 





in increasing the amount, and presumably the per cent, of substrate entering 
the phosphogluconate path is observed during the Ist hour but not the 
2nd. Thus, although the TPN level and regeneration rate do affect the 
volume of this type of metabolism and to some extent control it, the results 
suggest that the main factor determining the per cent of utilized glucose 
6-phosphate entering the phosphogluconate pathway (initially and in the 
steady state) is the concentration of glucose 6-phosphate. 

These observations suggest a possible explanation for the higher than 
normal percentages of phosphogluconate pathway metabolism observed 
above in leukemic cells (Tables II and III). If, in glucose glycolysis, 
glucose 6-phosphate were maintained at an abnormally low concentration, 
the per cent of utilized glucose 6-phosphate which enters the alternative 
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path would increase. The most probable cause for such a depression 
in the steady state glucose 6-phosphate concentration would be a low 
level of hexokinase per cell in relation to phosphohexose isomerase ac- 
tivity. That this is the case in leukemic cells is suggested by the experi- 
ment shown in Table VI, wherein the effect of supplementary hexokinase 
was determined on the per cent of glycolyzed glucose which enters the 
phosphogluconate pathway. Added hexokinase invariably increased the 
amount of CO, produced from glucose-1-C™ but, in all cases, the per cent 
of glucose entering the phosphogluconate pathway decreased. It is seen, 
however, that the extent of the decrease was greater in normal than in 
leukemic cells. 


TaBLe VI 


Effect of Hexokinase Levels on Per Cent of Utilized Glucose Entering 
Phosphogluconate Pathway 
Percentages are given of glycolyzed glucose entering the phosphogluconate path- 
way as determined from the rates of C'O. production from glucose-6-C™ and glu- 
cose-1-C'*, Experimental conditions and calculations are presented in Tables I and 
II. The amounts of hexokinase added resulted in a 5-fold increase in total hexo- 
kinase activity per flask. 





Type of leukocyte 
Added hexokinase sg 











| r Myelocyti | L hocyti 

| Normal =| ““;eukemia. lhe 
ae eree errr errr eres 2.1 3.8 3.3 
TE 8 Ss cora ds cima dieSibans wiee ed 1.9 1.8 2.1 


| | 
| | 





DISCUSSION 

The fate of glucose 6-phosphate is determined by the interaction of 
several complex factors. The basis of the enzymatic control of the choice 
between the two main alternative pathways is readily apparent, but the 
situation is complicated by the additional interplay of a coupled catalytic 
reactant in the initial step of one alternative pathway and a limiting step 
preceding the branching point. The present evidence seems to suggest, 
nevertheless, that primary control of phosphogluconate pathway meta- 
bolism rests directly upon the glucose 6-phosphate concentration and 
indirectly upon the hexokinase level, while secondary control depends 
directly upon the TPN level and indirectly upon the efficiency of the 
systems which reoxidize TPNH. 

It is noteworthy that the Vmax of both phosphogluconate pathway 
dehydrogenases reported in the preceding paper (1), which were deter- 
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mined in the presence of excess TPN, are approximately ten times higher 
than they are required to be by their metabolic load. Interestingly, the 
same is true of both dehydrogenases of the E-M pathway. 

In investigating the alternative pathways of glucose 6-phosphate, only 
the transformations catalyzed by glucose-6-phosphate dehydrogenase 
and phosphohexose isomerase. were considered in detail. The absence 
of glucose 6-phosphatase was established in direct assays and, although 
leukocytes contain glycogen (7) and phosphorylase (8), the rate of metab- 
olism between glucose 6-phosphate and glycogen was considered negligi- 
ble for the following reasons: (a) lactic acid production is small in the 
absence of added glucose (2), though it is not zero, especially in light 
of the demonstration of lactate reutilization (1); (6) little radioactivity 
could be demonstrated in glycogen after 2 hours incubation of intact leu- 
kocytes with glucose-U-C" in agreement with the recent evidence of Bazin, 
Delaunay, and Hénon (9), indicating that intact leukocytes form only 73 


mg. of glycogen per hour per 10'° cells (which is equivalent to about 0,7 | 


umole of glucose per minute); and (c) direct assays for phosphoglucomutase, 
based on a method patterned after that of Najjar (10), disclosed extremely 
low activities in all three tissues. 


SUMMARY 

The phosphogluconate pathway occurs in leukocytes, though less than 
10 per cent of utilized glucose traverses this pathway. This per cent is 
higher in leukemic than in normal cells. The extent of phosphogluconate 
pathway metabolism is shown to be under direct control of the hexokinase 
level. The concentration of triphosphopyridine nucleotide and _ the 
efficiency of dihydrotriphosphopyridine-oxidizing systems also play a role 
in the control of phosphogluconate pathway metabolism but a secondary 
one, particularly in the steady state. 

The higher percentages of phosphogluconate pathway metabolism in 
leukemic cells are attributed to their deficiencies of hexokinase. Normal | 
and leukemic leukocytes contain transaldolase and transketolase. The 
observed levels of phosphogluconate pathway metabolism were the same | 
in homogenized and in intact cells. 


The author acknowledges the technical assistance of Phyllis Talmage, 
Julianne Hitt, and Ione Crawford, and the kind help of Dr. Esther Hays 
in isolating and assaying radiolactate. 
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MEASUREMENT OF THE RATE OF PLASMIN ACTION 
ON SYNTHETIC SUBSTRATES 


By PHYLLIS 8S. ROBERTS 


(From the Division of Cancer Studies, Medical College of Virginia, 
Richmond, Virginia) 


(Received for publication, November 11, 1957) 


It has been shown by Troll et al. (1) that plasmin (present in the blood 
in an inactive form) can hydrolyze esters of arginine and lysine. These 
authors used a formol titration method to follow the action of plasmin on 
TAME (p-toluenesulfonyl-L-arginine methyl ester) and several precipi- 
tation and titration methods (2) to follow the action of the enzyme on 
LME (1-lysine methyl ester). They also tried the Hestrin method (3), 
which is a colorimetric method based on the formation of a ferric complex 
of the hydroxamic acid resulting from the reaction of an ester with alka- 
line hydroxylamine. They found that this procedure gave the same results 
as the titration methods, but they gave no experimental details and stated 
that the titration method was preferable because it could be used at op- 
timal substrate concentrations. In this laboratory, we have found that the 
titration methods, expecially for LME, give poor reproducibility, prima- 
rily because of difficult end points. 

We have modified the Hestrin method so that enzyme rates at optimal 
substrate concentrations of either TAME or LME can be determined by 
using the same standard reagents and procedures. With this procedure we 
find that the rate measurements are reproducible with an average devia- 
tion of 3 per cent of the rate. 


EXPERIMENTAL 

Reagents— 

1. Hydroxylamine hydrochloride, 2 m, kept in the refrigerator. 

2. Sodium hydroxide, 3.5 N. 

3. Hydrochloric acid, 1 part concentrated HCl diluted with 2 parts of 
water, plus 6 gm. of trichloroacetic acid (dissolved in 100 ml. of this acid 
solution). 

4. Ferric chloride, 0.11 m in 0.04 n HCl; pH of solution = 1.2 + 0.1. 

Reagents 1 and 2 are the same as those used by Hestrin. Reagent 3 
was changed by the addition of trichloroacetic acid to precipitate proteins 
from crude enzyme solutions before forming the colored complex with iron. 
Reagent 4 was made more dilute than Hestrin’s iron solution for the fol- 
lowing reasons: The proportions of the reagents were changed; thus in the 
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final colored solution, 80 per cent was Reagent 4 and the remaining 20 per 
cent was the mixture of Reagents 1, 2, and 3 and the test solution. With 
this large proportion of Reagent 4, the pH of the colored solution was 
fixed at 1.2 + 0.2, at which pH the complex shows maximal absorption, 
This change in reagent proportions also reduced the concentration of buf- 
fer and salts in the colored solution. This eliminated the necessity of 
increasing the iron concentration if iron-binding salts were present (for 
example, with phosphate buffers). It also decreased the concentration of 
ester from the optimum needed in the enzyme-ester reaction to an optimal 
amount for color readings. 

The pH of Reagent 4 was adjusted, if necessary, to 1.2 + 0.1 when pre- 
pared. 1 ml. each of Reagents 1, 2, and 3 was mixed with 1 ml. of water, 
and, if the pH of this solution was less than 1.2, these reagents were satis- 
factory. A 1 ml. aliquot of this solution was then added to 4 ml. of Rea- 
gent 4, and, if the pH of this solution was 1.2 + 0.2, all reagents were 
satisfactory. 


Procedure for Reaction of Ester with Hydroxylamine 


The time for complete reaction of the ester with alkaline hydroxylamine 
was first determined. 1 ml. samples of 0.02 m TAME or 0.04 m LME 
(both supplied by the H. M. Chemical Company, Ltd., Santa Monica, Cal- 
ifornia) were added to test tubes, each containing 1 ml. of Reagent 1 and 
1 ml. of Reagent 2, and allowed to stand at room temperature for measured 
times, after which 1 ml. of Reagent 3 was added. A 1 ml. aliquot of this 
was added to 4 ml. of Reagent 4, thoroughly mixed to eliminate bubbles 
by pouring from test tube to cuvette, and read at 525 my in a Coleman 
junior spectrophotometer, model 6A, with a 12 X 75 mm. cuvette and its 
adapter, between 2 and 3 minutes after mixing the solutions. A blank 
was prepared at the same time, by adding 1 ml. of the ester solution toa 


test tube containing 1 ml. each of Reagents 1, 2, and 3; a 1 ml. aliquot of 


this was mixed with 4 ml. of Reagent 4, and its transmittance was set at 100 
per cent. All samples were read against the appropriate blank. Table l 
shows that TAME reacts completely with alkaline hydroxylamine in less 
than 20 minutes under the conditions used and that LME, under the same 


conditions, reacts completely in less than 2 minutes. The procedure was , 


therefore fixed to allow TAME 25 minutes to react with alkaline hydroxyl- 
amine, and LME 2 minutes or longer, before acidifying with Reagent 3. 
The effect of varying the concentration of NaOH on the rate of reaction 
between TAME or LME with NH,OH is also shown in Table I. 

A per cent transmittance versus the wave length curve for both esters 
was determined, and, as shown in Fig. 1, the maximal absorption for the 
ferric complexes formed by the hydroxamic acids of p-toluenesulfonyl-1- 
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arginine and of L-lysine is found at 525 my. For the acethydroxamic acid- 
ferric complex, Hestrin showed that maximal absorption occurred between 
520 and 540 my and used 540 my for readings. For the two esters used 
here, the absorption at 525 my is about 2 per cent stronger than that at 
540 mu. 

Fig. 2 shows the calibration curves for TAME and LME, prepared by 


TABLE [| 


Reaction between Esters and Alkaline Hydroxylamine 


Optical density 


Reaction time TAME* LMEft 
| pH94 | 2.5 NaOH | 3.5.x NaOH | 5.0 n NaOH | pH 9.4 3.5 N NaOH 
min. | | 
1 | | 0.120 | | 0.660 
2 | | | | | 0.662 
4 0.660 
5 | | 0.368 | 0.460 | 
10 =6©| 0.01 | 0.290 | 0.472 0.508 | 0.025 | 0.662 
0 | | 0.428 | 0.509 0.508 | | 0.662 
40 | | 0.508 | 0.511 0.500 | 
60 | 0.513 0.513 0.498 0.660 
70 3=6|) 0.058 | O.114 | 
120 | 0.515 | | 
130 |} 0.512 | | 
190 =| (0.144 | | | 0.254 
240 0 | | 0.509 
300 | 0.518 | 0.502 | 
| 


* The reaction mixture contains 1 ml. of 0.022 m TAME-HCl + 1 ml. of 2.0 m 
NH,OH-HCl + 1 ml. of NaOH of specified molarity. In the column labeled ‘‘pH 
9.4,” NasCO; + NaOH were used to adjust the pH to 9.4. 

{ The reaction mixture contains 1 ml. of 0.044 m LME-2HCI + 1 ml. of 2.0 m 
NH;OH-HCl + 1 ml. of NaOH of specified molarity. In the column ‘pH 9.4,”’ 
Na,CO; + NaOH were used to adjust the pH to 9.4. 


the above procedure; the concentrations of the esters used were varied, and 
the readings were taken at 525 mu. Identical calibration curves were ob- 
tained in the presence and absence of buffers in the concentrations used in 
the enzyme reactions. Duplicate determinations did not differ by more 
than +0.3 per cent transmittance. 


Enzyme Activity Measurements 


Plasminogen determinations were made on stored, frozen human serum, 
plasma, or the euglobulin fraction of the serum (prepared by precipitating 
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with dilute acetic acid at pH 5.3). The plasminogen was activated by 
streptokinase,' and the rate of hydrolysis of the esters was compared in the 
presence and absence of streptokinase. Into each test tube were pipetted 
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Fig. 1. Absorption of the ferric complexes at varying wave lengths, containing 
1 X 10°? m TAME or 2 X 10°? m LME in colored solution. Curve 1, blank absorp- 
tion for unreacted TAME or LME and reagents, prepared as described under “Pro- 
cedure for reaction of ester with hydroxylamine” and read against distilled water set 
at 100 per cent transmittance. Curve 2, absorption of the ferric complex of the 
hydroxamic acid of L-lysine read against distilled water set at 100 per cent transmit- 
tance. Curve 3, absorption of the ferric complex of the hydroxamic acid of p-tolv- 
enesulfonyl-L-arginine read against distilled water set at 100 per cent transmittance. 
Curve 4, absorption of the ferric complex of the hydroxamic acid of L-lysine; Curve? 
minus Curve 1 equals Curve 4. Curve 5, absorption of the ferric complex of the 
hydroxamic acid of p-toluenesulfonyl-L-arginine; Curve 3 minus Curve 1 equals 
Curve 5. 


1 Streptokinase was obtained through the courtesy of the Lederle Laboratories 
Division, American Cyanamid Company. 
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2.5 ml. of buffer, 0.5 ml. of streptokinase (10,000 units per ml.) or water 
for unactivated runs, and 1 ml. of substrate. The tubes were placed in a 
bath at 37.5° for 5 minutes. 1 ml. of the enzyme solution was then added, 
the tube was thoroughly mixed, and a 1 ml. sample was removed and added 
to a centrifuge tube that contained 1 ml. each of Reagents 1 and 2. The 
time the sample was added to alkaline hydroxylamine was called zero time. 
Additional 1 ml. samples were removed at 15, 30, and 45 minute intervals, 
or at 30 and 60 minute intervals, and allowed to react with alkaline hydrox- 
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Fig. 2. Calibration curves for the ferric complexes of the hydroxamic acids of 
p-toluenesulfonyl-L-arginine and of L-lysine read at 525 my, each against its own blank 
as described under ‘‘Procedure for reaction of ester with hydroxylamine.” 





ylamine, and a final sample was removed for a blank and added to a tube 
containing 1 ml. each of Reagents 1,2,and3. After the permitted reaction 
time (25 minutes for TAME, 2 or more minutes for LME) 1 ml. of Rea- 
gent 3 was added to each tube, and, after 30 minutes to 24 hours of standing 
(tubes were covered to prevent evaporation if kept standing overnight) at 
room temperature, the tubes were centrifuged at 2000 r.p.m. for 10 minutes. 
1 ml. of the supernatant solution was then added to 4 ml. of Reagent 4, 
and the per cent transmittance was read against its blank at 525 my within 
2 to 3 minutes of color formation. The rate of disappearance of the ester 
in the tube containing streptokinase (total activity) minus the rate in the 
tube containing no streptokinase (spontaneous activity) is equal to the rate 
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of ester hydrolysis due to activated plasminogen or plasmin. With TAME 
as the substrate, 0.1 m TAME was used with tris(hydroxymethyl)amino- 
methane (Tris) buffer, 0.5 m at pH 9.0. With LME as the substrate, 
0.2 mM LME was used with imidazole buffer, 0.2 m at pH 6.5 (1); hence, the 
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Fig. 3. Measurement of enzyme activities as described under ‘‘Enzyme activity 
measurements ;’’ temperature 37.5°. All LME rates in imidazole buffer, pH 6.5; all 
TAME rates in Tris buffer, pH 8.0 or 9.0 as indicated. Curve 1, LME, no strepto- 
kinase, and human serum (0.2 ml. of serum in 5 ml. of enzyme reaction solution). 
Curve 2, LME, streptokinase, and human serum, as above. Curve 3, LME and 
bovine fibrinolysin (7.1 mg. in 5 ml. of enzyme reaction solution). Curve 4, TAME, 
no streptokinase, and human serum (same as Curve 1), pH 9.0. Curve 5, TAME, 
streptokinase, and human serum (same as Curve 1), pH 9.0. Curve 6, trypsin (5.3) 
in 5 ml. of enzyme reaction solution) and TAME at pH 8.0. 





enzyme runs were 0.02 m in TAME and 0.25 in Tris or 0.04 m in LME 
and 0.1 M in imidazole. Fig. 3 shows a typical run for each ester. Deter- | 


minations were made in duplicate, and the rates differed by less than +3 
per cent. 
The rate of hydrolysis of TAME or LME by bovine fibrinolysin? or by 


? Fibrinolysin was obtained through the courtesy of Dr. E. C. Loomis of Parke, 
Davis and Company. 





crys 
wate 
The 
subt 
in a 
in il 
TA) 
in t 
frest 
aftel 
tion: 
used 
to 01 


i. 
com 
tion. 
the « 

2. 
(TA 
L-lys 
roon 

3. 
were 
as pi 
ser 
fibri 





AME 
mino- 
trate, 
e, the 


activity 
6.5; all 
strepto- 
lution). 
ME and 
TAME, 
TAME, 


in (5.37 


n LME 
Deter- 
nan +3 


or by 





of Parke, 


P. S. ROBERTS 291 


crystalline trypsin (Worthington) was determined in the same way, but 
water was substituted for streptokinase since fibrinolysin is already active. 
The control tube contained buffer, water, and substrate, and its rate was 
subtracted from the rate of hydrolysis of the tube containing the enzyme 
in addition to buffer, water, and substrate. LME at pH 6.5 and at 37.5° 
in imidazole buffer was not hydrolyzed in the absence of enzyme, but 
TAME at pH 9.0 in Tris buffer at 37.5° was hydrolyzed to a small extent 
in the absence of enzyme. The bovine fibrinolysin solution was made 
fresh daily, a weighed amount was dissolved in 0.85 per cent NaCl, and, 
after 30 to 50 minutes at room temperature, it was used for rate determina- 
tions. The trypsin was weighed daily and dissolved in HCl, pH 2.5, and 
used immediately for rate determinations. With trypsin it was possible 
to omit the centrifugation step before forming the colored complex. 


SUMMARY 


1. The Hestrin ester method was modified to fix the pH of the colored 
complex, to reduce the concentration of buffer and salts in the colored solu- 
tion, and to decrease the concentration of ester from the amount needed in 
the enzyme-ester reaction to a convenient reading range. 

2. The rate of the reaction of p-toluenesulfonyl-L-arginine methyl ester 
(TAME) with alkaline hydroxylamine was found to be slower than that of 
L-lysine methyl ester (LME), but it was complete in less than 20 minutes at 
room temperature with the reagents used here. 

3. The activities of a number of enzymes towards both TAME and LME 
were determined by this method. The enzymes used were plasminogen, 
as present in human plasma, in serum, or in the euglobulin fraction of the 
serum, each of which was activated with streptokinase, as well as bovine 
fibrinolysin and crystalline trypsin. 
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RESISTANCE OF METAL COMPLEXES OF CONALBUMIN AND 
TRANSFERRIN TO PROTEOLYSIS AND TO 
THERMAL DENATURATION* 


By PARVIZ R. AZARI anp ROBERT E. FEENEY 


(From the Department of Biochemistry and Nutrition, College of Agriculture, 
University of Nebraska, Lincoln, Nebraska) 


(Received for publication, November 18, 1957) 


The iron-binding proteins, conalbumin of egg white and transferrin! 
of plasma, form very similar, red-colored, stable complexes with 2 atoms 
of ferric iron (1-10). The formation of the iron complex requires 1 mole- 
cule of COz as CO; or HCO;- per atom of Fe***, and the second iron 
atom is bound more strongly than the first (6). Although the reactive 
groups have not been identified, the hydroxyl groups of tyrosine have been 
implicated (6, 9). All types of chemical reagents and denaturing condi- 
tions were found to reduce the affinity of conalbumin for iron, and it was 


| concluded that the particular spatial configuration of the native protein was 





| 


} 





required for the formation of the colored metal complexes (4). The two 
proteins also form relatively weaker complexes with Cu** and Zn*+*+. Com- 
plex formation might be expected to stabilize the structure of a protein in 
some cases, and two isolated observations have been made as to the rela- 
tively greater stability of iron conalbumin as compared to free conalbu- 
min. Fraenkel-Conrat (10) indicated a greater stability to trypsin, and 
Warner and Weber (6) reported a greater stability under alkaline condi- 
tions. 

In the present study, a much greater stability of the metal complexes 
of both conalbumin and transferrin was encountered than had apparently 
been suspected heretofore. This report concerns the relative stabilities 
of these proteins and their metal complexes to enzyme action and to ther- 
mal denaturation. 


* Published with the approval of the Director as Paper No. 850, Journal Series, 
Nebraska Agricultural Experiment Station. Presented in part at the Forty-first 
meeting of the Federation of American Societies for Experimental Biology, Chicago, 


_ Illinois, April 15-19, 1957. 
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Transferrin is also known by the following names: siderophilin, 6,-metal-com- 
bining (pseudo) globulin, or simply as the iron-combining component of plasma. 
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Materials and Methods 


Proteins and Enzymes—Conalbumin was prepared in crystalline form 
from egg white by the batch method of adsorption on carboxymethylecelly. 
lose as recently described (11). The nitrogen content was 16.4 per cent jp 
terms of dry weight, and the lysozyme content was <0.001 per cent (11, 
12). All preparations were homogeneous by free boundary electrophoresis, 

The transferrin was obtained in a highly purified state, but not crystal. 
line, from the Cutter Laboratories.? It had been prepared by alcohol 
fractionation (7, 9), and its chromogenic capacity with iron was approxi. 
mately three-fourths that of crystalline conalbumin. Lysozyme was 
crystallized from egg white according to Alderton and Fevold (13). Crys 
talline bovine serum albumin was obtained from the Armour Laboratories 
The twice crystallized chymotrypsin and trypsin were obtained from the 
Worthington Biochemical Corporation. 

Solution of Metal Ions—The concentrated stock solutions of metal ions 
(0.02 or 0.05 m Fet*++, Znt+*+, Cut*) were prepared, respectively, from 
ferric nitrate, zinc acetate, and copper acetate dissolved in a mixture of 
0.1 mM sodium citrate and 0.1 m bicarbonate.* 

Spectrophotometry, Paper Chromatography, and Electrophoresis—A Beck- 
man model DU spectrophotometer equipped with a photomultiplier at- 
tachment was used for all spectrophotometric determinations. Trypsin | 
activity was determined spectrophotometrically with p-toluenesulfonyl. 
arginine methyl ester as the substrate according to the rapid method o 
this laboratory (14). 

Chromatograms were obtained by the descending method on Whatman 
No. 1 paper with a butanol-acetic acid-water (4:1:5) mixture (15). The 
papers were sprayed with 0.1 per cent ninhydrin in ethyl alcohol con- 
taining 5 per cent collidine, and the color was developed by brief heating 
over a hot plate. Moving boundary and paper electrophoretic studies 
were performed essentially as described elsewhere (11). 

Enzymatic Hydrolytic Experiments—Enzymatic hydrolyses of conalbumin 

2 After this study was under way, it came to our attention that the Cutter Labon- 
tories remove impurities from transferrin for immunological purposes by heating 
the iron complex. 

3 The concentrations and amounts of proteins and metal ions are given in weights 
for convenience in comparing proteolytic effects. On a weight basis, 1.0 mg. d 
conalbumin binds approximately 1.35 y of Fe+**+. This forms the saturated complet 
with 2 atoms of iron per molecule of conalbumin and is described in this communics- 
tion as iron conalbumin or Fe conalbumin. The saturated complex of transferm 
is also referred to in this manner. The incompletely saturated mixture with 1 atom 
of iron per molecule of protein is indicated by the numbers in parentheses as follows 
iron (1:1) conalbumin. All buffers used were as the sodium salts, unless otherwis 
indicated. 
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and the metal complexes of conalbumin were performed in a buffer of 0.1 
u tris(hydroxymethyl)aminomethane at pH 8.0 or in a mixed buffer of 
0.05 m phosphate and 0.05 m carbonate at pH 8.0 to 9.0. Concentrations 
of conalbumin, metal ions, and other added substances in the solutions 
employed were adjusted to give the desired final concentrations. In the 
individual experiments, water or metal ions were added to the buffered 
solutions of conalbumin, and the mixed solutions were incubated in a 
thermostatically controlled bath for 15 to 30 minutes. The optical density 
was then determined at 470 my for iron conalbumin or at 440 my for cop- 
per conalbumin. The enzyme was then added to the solutions, and the 
reaction mixtures were incubated for the desired periods of time. At the 
completion of the incubation period, the optical density of the solutions 
containing iron or copper was determined. A 2- to 4-fold excess amount 
of iron solution was then added to all solutions. The color was allowed 
to develop for 30 minutes, and the optical densities were determined at 
470 mp. Such values were termed color capacities. Color capacity was 
employed as the criterion for metal binding because of its relative simplicity 
and because it is closely, if not completely, related to the affinity of the 
protein for the metal which in turn is a property of the native protein (4). 

Thermal Denaturation Experiments—Experiments on thermal denatura- 
tion were performed in much the same way as were the enzymatic hydro- 
lytic studies with the principal exception that, instead of adding enzymes 
to the solutions, the solutions were incubated in a hot water bath. Rapid 
temperature equilibration was aided by adding concentrated solutions of 
the proteins to tubes which contained 10 to 20 volumes of the buffer heated 
to the desired temperature. 


Results 


Resistance of Conalbumin to Chymotrypsin and to Trypsin—The color 
capacity of metal-free conalbumin was rapidly destroyed by incubation 
with either chymotrypsin or trypsin, but the color capacity of iron con- 
albumin was unaffected under the same treatments even after prolonged 
times of incubation. The results of a typical experiment with chymo- 
trypsin are given in Fig. 1. 

The losses of color capacity of the metal-free conalbumin with enzyme 
treatment were accompanied by hydrolytic fragmentation to peptides. 
Peptide formation was demonstrated by paper chromatography, and the 
amount and degree of fragmentation (as estimated by the number of spots 
and their intensity) were roughly proportional to the amount of loss of color 
capacity. 

The enzyme-treated iron conalbumin (and the metal-free conalbumin 
prepared therefrom), however, was found identical to original untreated 
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material by the following criteria: capacity for being crystallized and 
crystallinity, moving boundary and filter paper electrophoretic analysis, 
paper chromatography and column chromatography on carboxymethyl. 
cellulose. The enzyme-treated material from which both the enzyme and 
iron had been subsequently removed was also examined for rate of color 
formation with iron and for rate of hydrolysis with chymotrypsin and was 
found similar to the untreated conalbumin. 
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Fig. 1. Loss of chromogenic capacity of iron conalbumin and conalbumin in the 
presence of chymotrypsin. The reaction was carried out in 0.1 M tris(hydroxy- 
methyl)aminomethane buffer, pH 8.0, containing 4 mg. of conalbumin per ml. Th 
iron conalbumin solution contained 8 y of Fe*** per ml. The solutions were incw- 
bated at 37° at pH 8.1 for 12 hours. The residual color capacity of conalbumin wa 
determined after the addition of excess iron to an aliquot of the incubated ni 
at any given time. The enzyme-conalbumin weight ratios were as represented o 
the curves. | 


Other metal-ion complexes of conalbumin were also resistant. Their! 
resistances, however, were considerably less than that of iron conalbumin| 
and were inversely proportional to the strengths of the complexes. Thus) 
the weak copper complex was hydrolyzed at a rate approximately 1 per cent} 
that of metal-free conalbumin, and the still weaker zinc conalbumin was; 
hydrolyzed at a rate approximately 20 per cent that of metal-free con 
albumin. Iron (1:1) conalbumin was rapidly attacked until 50 per cent 
hydrolysis occurred.‘ : 
' 

4 This is in agreement with the existence of only the saturated iron complex er 
atoms of iron per molecule of conalbumin). Iron (1:1) conalbumin would therefor 
be a mixture of 50 per cent conalbumin and 50 per cent iron conalbumin. Another 
possibility might be that the mixture initially exists as 100 per cent iron (1:1) cor 
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In comparative studies with trypsin, iron conalbumin was similarly 
found resistant to hydrolysis (Fig. 2). 

Proof for Non-Inhibition or Non-Inactivation of Enzymes by Iron or 
Iron Conalbumin—Proof for the non-inhibition of the enzymes by iron 
conalbumin or excess iron was based on the following: (a) Bovine serum 
albumin or lysozyme was attacked by chymotrypsin in the presence of 
iron conalbumin or ferric iron. The rates of hydrolysis and hydrolytic 
patterns (as measured by paper chromatography) were approximately the 
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Fic. 2. Loss of chromogenic capacity of iron conalbumin and conalbumin in the 
presence of trypsin. The reaction was carried out in 0.1 m tris(hydroxymethyl) 
aminomethane buffer, pH 8.0, containing 5 mg. of conalbumin per ml. The iron 
conalbumin solution contained 8 y of Fe+*++ per ml. The solutions were incubated 
at 37° at pH 8.1 for 4 hours. The residual color capacity of conalbumin was deter- 
mined after the addition of excess iron to an aliquot of the incubated mixture at any 
given time. The enzyme-conalbumin weight ratios were as represented on the 
curves. 











same in the presence or in the absence of iron conalbumin. (b) The addi- 
tion of iron conalbumin did not affect the rate of hydrolysis of p-toluene- 
sulfonylarginine methyl ester by trypsin. (c) Any amounts of conalbumin 
in excess of the amount required to form the saturated iron complex in 
different mixtures were hydrolyzed by chymotrypsin. 





albumin which has approximately the same adsorption spectrum and extinction coeffi- 
cient at 470 my as the saturated complex has and which is not resistant to proteolysis. 
As each molecule of the labile 1:1 complex would be hydrolyzed, the iron could then 
be bound by another 1:1 complex to form the stable saturated complex. The theoret- 
ical mixture obtained after “‘maximal’”’ hydrolysis would therefore be 50 per cent 
saturated complex and 50 per cent hydrolyzed products. No evidence for the 1:1 
complex, however, has been observed in this study. 
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Proof for non-inactivation of the enzymes was based on the following: 
(a) When additional conalbumin (metal-free) was added to incubated 
solutions of iron conalbumin and chymotrypsin (which had shown no 
evidence of hydrolytic action), hydrolysis quickly occurred. (b) When aq 
20-fold excess of ethylenediaminetetraacetic acid was added to incubated 
solutions of iron conalbumin and chymotrypsin, slow hydrolysis occurred, 
in agreement with the slow removal of iron from iron conalbumin under 
such conditions. (c) Iron conalbumin did not increase the rate of loss of 


TABLE I 
Resistance of Iron Conalbumin to Heat 





$$. 

















Conditions | Resultst 
Tube No. | Material tested* = ea 
| i wa | |Coaeulatin 
| <. min. } 
1 Fe conalbumin 0 | 0.41 
2 | “« | 64 30 | 0.41 | 0 
3 - ” | 64 60 | 0.41 | 0 
4 - “4 64 | 120 | 043 | 0 
5 ag - 75 10 0.30 | 2+ 
6 Conalbumin | 60 10 0.23 | O i 
7 4 | 6 | 3 >§ | 4+ 
8 ” | 64 | 2 | ?§ | 4+ 


| 


*Performed in a mixed buffer of carbonate (0.1 M), citrate (0.9 mm), and phos. 
phate (0.075 m) at pH 8.4. The conalbumin concentration was 6.25 mg. per ml. Fe 
conalbumin was formed by adding 10 y of Fe*** per ml. Excess iron was added to 
all tubes after incubation and before determination of the optical densities. 

t Optical density read after the addition of excess Fe***. Coagulation = visible 








coagulation, estimated from 0 to 4+. 

t This figure is an approximation. 

§ These samples probably had an optical density <0.10. 
trypsin activity (as measured with p-toluenesulfonylarginine methy] ester) 
occurring on incubation under the conditions employed for the proteolytic 
studies. 

Resistance of Iron Conalbumin to Thermal Denaturation—Iron conalbumi f 
was found much more resistant to thermal denaturation in solution than | 
metal-free conalbumin. From comparisons of the data of the experiment 
given in Table I and other similar experiments, an approximate estimation 
of the relative resistance at 64° was that metal-free conalbumin was de 
natured at least a thousand times faster than iron conalbumin. This, d] 
course, is a minimal figure. | 
Limited studies on the stabilities of copper and zinc conalbumin t0 
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heat showed that their relative resistances were similar to their relative 
resistances to chymotrypsin. The relative stability of the 1:1 complex of 
iron With conalbumin also was similar. 

The absence of denaturation on heating the iron complex under con- 
ditions which caused no loss in color capacity was confirmed by studies 
of the susceptibility to proteolysis. The heated iron complex was found 
to be as resistant to proteolysis as the original unheated complex. In 
one such experiment, iron conalbumin was heated for 30 minutes at 64° 
under the conditions given in Table I. The sample was cooled, chymo- 














TaBLe II 
Resistance of Iron Transferrin to Chymotrypsin 
| Optical ouiy after incubation 
Tube No. | Incubation mixture* a: 
| Obr. | 15hrs. | 6 hrs. 
a ——e ee ——— ee - -_ — a —E 
1 | Fe transferrin 0.27 | 0.28 0.27 
2 . a + chymotrypsin 0.27 | 0.27 0.24 
3 Transferrin | | 0.28 0.27 
4 | = + chymotrypsin | 0.13 | 0.05 





* Performed in mixed buffer of carbonate (0.04 M), phosphate (0.02 m), tris(hy- 
droxymethyl)aminomethane (0.03 M), and ethylenediaminetetraacetic acid (1.0 mm) 
at pH 8.0. The transferrin concentration was 6.0 mg. per ml.; chymotrypsin was 
0.3 mg. per ml. Fe transferrin was formed by adding 8 y of Fe*++ per ml. 

+ The incubation temperature was 37°. The optical densities of Tubes 1 and 2 
were read at the times indicated and again at 6 hours after the addition of excess 
Fe*** citrate (22 y Fe+*++ per ml.); no differences in optical density were found. 
The optical densities of Tubes 3 and 4 were read by the addition of excess Fet++ 
citrate at the times indicated. 


trypsin was added to it, and the mixture was incubated at 37°. No hydrol- 
ysis occurred during periods of incubation in which extensive hydrolysis 
of controls of metal-free conalbumin occurred. In further experiments it 
was found that, when iron conalbumin was heated at high temperatures for 
a sufficient time to cause partial losses of color capacity, treatment of 
the reaction mixtures with chymotrypsin caused no further decreases in 
color capacity. Hydrolysis occurred, however, and the amounts of hy- 
drolysis (as measured by the amounts of trichloroacetic acid-soluble sub- 
stances) were proportional to the amounts of loss in color capacity caused 
by heating. 

Resistance of Iron Transferrin to Chymotrypsin—The resistance of iron 
transferrin and metal-free transferrin to chymotrypsin was compared 
in experiments similar to those described above for conalbumin. The iron 
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transferrin was also much more resistant to chymotrypsin than the metal. 
free protein (Table II). There was usually, however, a slight decrease jp 
the color capacity of iron transferrin. 

Resistance of Iron Transferrin to Thermal Denaturation—Iron trans. 
ferrin was much more resistant to thermal denaturation than the metal. 
free protein, a relationship also similar to that for iron conalbumin and 
conalbumin. Table III presents the data of one of several experiments on 
this subject. There was no apparent fundamental difference in the com. 









































parative resistances of iron transferrin and iron conalbumin to heat, but 
TABLE III 
Resistance of Iron Transferrin to Heat 
Conditions Results 

Experiment No. Tube No. Material tested — 
T - | 5 Optical ’ 
caper | time | Qpticl |Gng 

om | min. . ei 

A 1 Fe transferrin 0 0.31 

2 “ ne 65 120 0.27 | 0 

3 Transferrin 65 10 0.22 0 

4 - 65 30 0.13 | 0 

B 1 Fe transferrin 0 0.30 

2 ” " 67.3 30 0.27 0 

3 e “ 67.3 60 0.26 | 0 

4 Transferrin 67.3 2 0.25 0 

5 - 67.3 5 0.19 | 0 

6 oe 67.3 10 0.14 | 0 

Performed under the conditions for the data of Table I. The transferrin con- 

centration was 6.25 mg. per ml. (uncorrected basis). 





the metal-free proteins differed in respect to the conditions causing oii’ 
lation on heating. 


DISCUSSION 


Metal ions have been reported to increase and to decrease the stabilities 
of different proteins, and various causes have been attributed to thes | 
effects (16-20). It is possible that the resistances of the metal complexes 
of conalbumin and transferrin to both proteolysis and thermal denatur- | 
tion are due to different causes, such as the blocking of sites susceptible to | 
enzymic cleavage and the stabilization of a physical structure to thermally 
induced derangements. It is also possible, however, that the resistances / 
to the two treatments are caused by the same fundamental change, such 
as one in molecular shape or charge distribution. In this connection, 
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metal Fyller and Briggs reported that comparisons of the frictional ratios of 
ease in egnalbumin and iron conalbumin indicated that iron conalbumin was the 
more nearly spherical (8). There are, of course, many factors influencing 
trans- the stability of proteins (21). 
metal- The recent theories of Linderstr@ém-Lang (22) on the relationship be- 
lin and = tween proteolysis and protein denaturation support the second possibility 
ents on discussed above, i.e. a similar reason for the resistance to both treatments. 
1e CoOm- Gurd and Wilcox (16) modified the theoretical scheme of Gorini and 
at, but Audrain (19) for resistance to proteolysis to include resistance to denatura- 
tion as well as to proteolysis. A still further modification to fit the results 
of the present study is the following: 


A+M22AM 


esults {ft 


B (B,, Be, B;, ete.) 

















al | Coag. 
y heat / \ proteolysis 
a "A \ 
4 D P 
: | ; In the above equation, A is the native protein which is resistant,® and B is 
3 | 9 | the configuration which is susceptible to proteolysis to give products, P, or 
0 ' to denaturation to give the denatured form, D. The metal ion, M, com- 
7 | 9 | bines with A to form AM, which is so slightly dissociated that B is prac- 
; 7 tically non-existent (in the case of the iron complexes). The greater 
9 9 | resistances of the metal complexes would thus both be due to a greater 
4 | 9 | Tesistance to an initial physical change, i.e. to the formation of B (or Bi, 
B, etc.). 
Trin con- 
SUMMARY 
g wii) 1. The iron complexes of the egg white protein, conalbumin, and the 
6,-metal-binding protein from human serum, transferrin, were both found 
much more resistant to denaturation by heat and to hydrolysis by chymo- 
trypsin or trypsin than were the metal-free proteins. The resistances of 
..;,._| the copper and zinc complexes were in proportion to the stabilities of the 
tabi complexes. 
to thes j 2. The results were considered as possible evidence that the resistances 
pmplexes to proteolysis and heat denaturation were both caused by the same funda- 
na 7 mental change in the properties of the protein occurring on complex 
hermally *We have modified the scheme as presented by Gurd and Wilcox (16) in several 


sistances | Tspects. A reaction of M with B to give BM (B + M s BM) has been omitted 
. such | because the data of the present investigation indicated that a complex similar to 
1Be, BM either did not exist or was labile to proteolysis. We have also added other 


nnectiol, | possible forms of B (B,, Be, ete.) because the data did not preclude their existence. 
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formation. The possibility that complex formation greatly reduces the 
amount of a labile intermediate configuration in equilibrium with the 
normal native configuration was discussed. 


The assistance of Nelle Bennett and Rex Bosley in various phases of | 
this investigation and the supervision of the moving boundary electropho. 
retic determinations by Dr. R. M. Hill are greatly appreciated. Apprecia. 
tion is also due to the Cutter Laboratories for the supplies of the trans. 
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e trans. , , : 
The studies of Schoenheimer and his colleagues (1) amply demonstrated 


that N'*, introduced into the animal as ammonia or an a-amino acid, may 

later be found not only in urea but in the amino acids of tissue protein. 
946), Particularly rich were glutamic and aspartic acids and the amide nitrogen 

of glutamine and asparagine. These findings, coupled with the great ac- 
(1949). | tivity of hepatic transaminases and glutamic dehydrogenase and the rel- 
atively weak activity of hepatic L-amino acid oxidases when assayed in 
vitro (2), led to the concept that deamination of L-amino acids is accom- 
plished by the consecutive action of specific transaminases and glutamic 
dehydrogenase. Incorporation of administered NH;-N" into amino acids 
has been considered to occur by reversal of the process. The collective 
actions of glutamic dehydrogenase, glutamine synthetase, and carbamyl 
phosphate synthesis have been suggested (3) as the explanation of the 
extremely low concentration of ammonia in animal tissue (4). 
(1957). These concepts have not been subjected to a direct experimental test in 
vivo. Although several reactions have been observed in which the amide 
nitrogen of glutamine is transferred to various acceptors (5-9), the met- 
abolic role of the large amounts of glutamine in animal tissues is but poorly 
understood. ‘There have been repeated suggestions that glutamine, rather 
. and Bio than ammonia, may be specifically employed for urea synthesis; the status 
of this problem has recently been reviewed (3). In the present studies 
NH;, glutamine, p- and t-leucine, labeled with N, have been given intra- 
venously to rats, and the N** content of the non-protein nitrogenous com- 
ponents of liver and other tissues has been determined after various time 
intervals in the hope that the data so obtained might elucidate the prob- 
lems cited above. 


99 (1958 


(1956). 


ork, 1, pt. 
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EXPERIMENTAL 


Materials—Glutamine amide-N", 32.2 atoms per cent excess, was a prod- 
uct of the Mann Biochemical Company, New York. Separate samples of 
NH,NO;, containing 34 and 36.2 atoms per cent excess were obtained 
from the Eastman Organic Chemicals, Rochester, New York, and con. 
verted to the lactate salt. p1-Leucine-N', 10 atoms per cent excess, was 
prepared by the procedure of Schoenheimer and Ratner (10) from phthal. 
imide-N' obtained from the Eastman Organic Chemicals and resolved into 
its optical isomers with the use of hog kidney deacylase as described by 
Birnbaum ef al. (11). 

Procedure—The N'* compounds, in no more than 1 ml. of 0.85 per cent 
NaCl, were administered by injection into the tail vein of fasted male rats, 
weighing about 300 to 400 gm., while under light ether anesthesia. Th | 
rats were sacrificed by decapitation, and tungstic acid filtrates of appro | 
priate tissues were prepared as previously described (4). When desired, 
whole carcass was first passed through a meat grinder several times, ands 
filtrate was prepared from the mixture so obtained. Data obtained w 
such filtrates were corrected for the loss suffered during the grinding pro. 
cedure. In all cases, to remove any ammonia present, the filtrate was 
passed through a 1 cm. column containing 1 gm. of Permutit per 7 ml. d 
filtrate. To facilitate handling, the filtrate was concentrated in vacuo at 
room temperature, a procedure which does not cause hydrolysis of gluta 
mine. The concentrate was diluted to 21 ml., and two 10 ml. aliquots 
were withdrawn. 

Isolation of Urea N—To an aliquot of the filtrate 1 ml. of a 1 per cent! 
solution of Arlington jack bean urease in 0.5 m phosphate buffer, pH 64, 
was added, and the solution was incubated at 37° for 30 minutes. Th 
ammonia was removed by vacuum distillation by using a modification d 
Speck’s (12) procedure and test tubes calibrated at 10 ml., 2 ml. of saturated) 
borate buffer, pH 10.6, a silicone antifoam agent,! and, as indicator, 1 part 
0.1 per cent phenolphthalein plus 2 parts 0.2 per cent Nile blue A in 95 per 
cent ethyl alcohol. The pH of the solution was maintained above 10.0) 
insure complete distillation. 

Isolation of Glutamine Amide N—After neutralizing the residue from the 
urea distillation, glutamine was hydrolyzed by addition of 1 ml. of 101) 
H.SO, and heating in a boiling water bath for 11 minutes. The hydroly-/ 
sate was neutralized with 10 n NaOH, with chlorophenol red as indicator, 
and the ammonia was distilled in the usual fashion after addition of 3 ml} 
of 5 n NaOH rather than borate. ‘ 

Isolation of Amino Acids—It was found necessary to remove serine all 
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threonine, as they prevented adequate resolution of aspartic and glutamic 
acids by column chromatography. Accordingly, the residue from the glu- 
tamine distillation was adjusted to pH 8.5 and filtered through Celite. 
After adding 5 ml. of 1 n periodic acid, the pH was readjusted to 8.5, and 
the mixture was permitted to stand for several hours or overnight. A 
warm saturated solution of lead acetate was then added which precipitated 
jodate and excess periodate as well as sulfate. The precipitate was re- 
moved by centrifugation, and more lead acetate was added until it was in 
excess. The supernatant fluid was refrigerated overnight to complete pre- 
cipitation, and excess lead was removed with H,S. After clarification by 
passage through Celite, the solution was placed on a Dowex 1 hydroxide 
column, 20 mm. X 250 mm. The column was washed with water until 
the eluate, initially alkaline, was neutral, and amino acids were eluted 
with 1.2 N HCl. Elution was complete when the eluate no longer smelled 
of acetic acid, and this was confirmed by the ninhydrin test. The eluate 
was evaporated to dryness in vacuo to remove volatile acids, and the residue 
was dissolved in a small volume of 1.2 n HCl. 

Aspartic acid, glutamic acid, glycine, and alanine were separated on a 
column of Dowex 50 (H*), 1.5cem. X 95 cm., according to Stein and Moore 
(13), with 1.2 n HCl as the eluent. Ninhydrin determinations were per- 
formed directly on the eluates without prior neutralization. Aspartic and 
glutamic acids were judged to be free of one another by paper electro- 
phoresis on Whatman No. 1 paper in 0.05 acetate, pH 4.7, at 600 volts 
for2 hours. Separation of glycine and alanine was established by chroma- 
tography on Whatman No. 1 paper in 77 per cent ethanol for 4 hours. 
Appropriate fractions were pooled, concentrated on a steam bath, and de- 
graded by Kjeldahl digestion. After neutralization of the digest, distil- 
lation of the ammonia was carried out as previously described. 

Ammonia was determined by potentiometric titration or colorimetrically 
with Nessler’s reagent (14) or by the phenol-hypochlorite method (4). 

Amino acids were determined by the ninhydrin method of Troll and 
Cannan (15) with L-leucine as standard. 

The ammonia samples were evaporated to dryness following the addition 
of carrier ammonium sulfate as required. After transfer to Rittenberg 
tubes, ammonia was converted to nitrogen with 1 ml. of Van Slyke’s hypo- 
bromite reagent (16), and the N’ was assayed in a Consolidated-Nier 
isotope ratio mass spectrometer, model 21-201. 


RESULTS AND DISCUSSION 


It will be seen in Fig. 1 that, 5 minutes after administration of NH;-N", 
the specific activity of glutamate was one-third that of the amide nitro- 
gen of glutamine. Thereafter, ammonia was incorporated into the amide 








N'S - ATOMS % EXCESS IN GLUTAMINE (--) 
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position of glutamine considerably more rapidly than into any of the 
When the peak of activity was 


other nitrogenous components of liver. 
attained, the specific activity of glutamine was approximately 7 times that 
of either urea or glutamic acid. Aspartic acid and alanine equilibrated 
with glutamic acid after 15 minutes. However, in these and subsequent 
experiments, the amounts of aspartic acid and alanine isolated were rather 
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Fig. 1. Appearance of N'* in various nitrogenous components of liver after ad 
ministration of N'!5H;. Male rats, weighing approximately 350 gm., each received 
58.5 umoles of ammonium lactate, 34 atoms per cent excess N!5, in 0.5 ml. of saline, 
Three rats were sacrificed at each time, and their livers were pooled for analysis in 
duplicate. A, N!* incorporation in the first 15 minutes. B, N'* incorporation overa 
6 hour period. The experiments in A and B were conducted independently. 


analysis; hence their specific activities have only qualitative significance. 
It is noteworthy, however, that in neither of the experiments of Fig. 1 was 


any isotope found in glycine which is sufficiently abundant in liver to} 


assure confidence in the data. 
After administration of amide-labeled glutamine, as shown in Fig. 2, 





isotope appeared slowly in the urea and glutamic acid fractions while as | 
partic acid, alanine, and glycine, not shown in the figure, exhibited signif- § 


icant quantities of isotope only when the specific activity of glutamine was 
at a maximum. 
of glutamine might be a direct precursor of any of the materials investi 
gated, nor support to the concept that glutamine may contribute to ure 


Thus, the data offer no suggestion that the amide nitroge [ 
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When 
relating to the specific activity of glutamine are re- 
plotted as shown in Fig. 3, the limiting slope yields a turnover time of 
97 hours. The significance of this value will be discussed later. 

The pattern of isotope distribution obtained after the administration of 
p-leucine-N** (Fig. 4) was similar to that obtained with ammonia, although 
all events were somewhat slower. Glutamine, urea, and glutamic acid all 


synthesis by a pathway other than the ornithine-arginine cycle. 
the data from Fig. 2 
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Fic. 2. Appearance of N!* in various nitrogenous components of liver after ad- 
ministration of glutamine amide-N'®. Male rats, weighing approximately 350 gm., 
each received 46.2 umoles of glutamine, 32.2 atoms per cent excess N' in the amide 
position, in 0.5 ml. of saline. Three rats were sacrificed at each interval, and their 
livers were pooled for analysis in duplicate. 
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showed linear rises in specific activity over the course of the 1st hour when 
the specific activity of glutamine was almost 7 times that of urea. Only 
trivial amounts of N!* were detected in the aspartic and alanine fractions 
and none in glycine. These data are compatible with the concept that the 
initial metabolic fate of p-leucine is oxidation by p-amino acid oxidase; the 
subsequent fate of the ammonia so formed is identical with that observed 
when ammonia is administered, viz. predominantly synthesis into the amide 
nitrogen of glutamine. 

The relationships observed after administration of L-leucine, as seen in 
Fig. 5, contrast markedly with those observed with ammonia, glutamine, 
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or D-leucine. Glutamic acid rapidly became the most heavily labeled com- 
ponent, with isotope incorporated into urea and glutamine relatively slowly. 
The N'* contents of aspartic acid and alanine, not shown in Fig. 5, exceed 
that of glutamine throughout the experimental period. These data appear 
to offer direct evidence that oxidative deamination of L-leucine, and pre- 
sumably of other amino acids, by either specific or non-specific L-amino 
acid oxidases is a relatively insignificant process and that the metabolism 
of L-leucine proceeds by consecutive transamination and oxidative deamin- 
ation of the glutamic acid so formed. Noteworthy also is the fact that 
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Fic. 5. Appearance of N' in various nitrogenous components of liver after ad- 
ministration of L-leucine-N'®. Male rats, weighing approximately 350 gm., each 
received 126 wmoles of L-leucine-N!*, 10 atoms per cent excess, in 1.0 ml. of saline. 
Three rats were sacrificed at each time, and their livers were pooled for analysis in 
duplicate. 


only after L-leucine administration was appreciable isotope observed in liver 
glycine, suggesting that the latter obtains its nitrogen by transamination 
from glutamate to glyoxylate or 3-phosphohydroxypyruvate (3). Neither 
alanine nor glycine appears to arise in significant quantity by reversal of 
the oxidative reactions catalyzed by L-amino acid or glycine oxidases, 
although the enzymatic feasibility of such reductive amination has been 
demonstrated (17). 

Since both urea and glutamine were known to be relatively readily dif- 
fusible across cell membranes, further interpretation of the data presented 
required knowledge of the total distribution of isotope in the animal body. 
Table I shows the distribution of labeled urea and glutamine in various 
tissues of the rat 15 minutes after administration of NH;-N'. It will be 
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seen that both urea and glutamine rapidly diffused from the tissues in which 
they are formed, although equilibrium had not been obtained 15 minutes 
after NH; administration. In the experiment shown, of the 52.2 umoles 
of NH;-N!® given, 65 per cent was recovered as glutamine plus urea; most 
of the unrecovered isotope was unmetabolized ammonia. Data obtained 
from rats sacrificed 30 minutes after isotope administration indicated con- 
version of more than 90 per cent to glutamine plus urea. Particularly 
noteworthy is the fact that, of the ammonia fixed into organic linkage, 
somewhat more than 80 per cent was found as glutamine amide nitrogen, 

Since the ammonia concentration of animal tissues is normally extremely 


TaB_Le I 

Distribution of Labeled Urea and Glutamine after Administration of Ammonia-N% 
Three rats were each injected with 47.5 umoles of ammonium lactate, 36.7 atoms 
per cent excess N}, in 0.5 ml. of saline. After 15 minutes the rats were sacrificed, 
the gastrointestinal tracts were discarded, and combined protein-free filtrates were 
prepared from the indicated organs and the residual carcass. 


























Tissue | Urea nitrogen Glutamine amide nitrogen 

| — ppl _= Nise | —_ per | poy na | pmoles Ni 
ee ee | 6.7 0.043 | 0.0095 | 3.4 | 0.726 | 0.0815 
SS See | 8.6 | 0.078 | 0.0226 | 2.1 | 1.378 | 0.0985 } 
MMR soe winds wrens 9.2 0.093 | 0.0300 | 6.0 | 1.432 | 0.301 
I icccinGaaninn des | 36.8 0.059 | 0.145 | 2.0 | 0.803 0.107 
I SF | 10.6 0.150 | 0.392 4.4 | 1.260 1.365 
ERE ee | 9.3 0.029 | 0.028 | 1.2 | 0.436 | 0.0509 
Carcass.............. | | 5.600 4.6 | 0.701 | 25.850 





* Total in tissue. 


Core mee 


low (4), even the minimal amounts of ammonia administered in the experi- } 
ments described above must be considered as offering an ammonia “load” | 
to the animal, although the doses were sufficiently small that it may be 
assumed that the data reflect the fate of ammonia normally arising in 
metabolism. However, these experiments gave no indication of the rel- 
ative capacities of the urea- and glutamine-synthesizing systems. Accord- 
ingly, increasing amounts of ammonia were given to groups of rats which 
were sacrificed 20 minutes thereafter, and the amounts of isotope in the 
urea and glutamine of liver and carcass were determined. The data are 
shown in Fig. 6. 

It will be seen that the data describing glutamine synthesis yield the 
typical hyperbolic curve expected of enzymatic reactions with an observed 
Vimnax Of 37.2 umoles per minute per kilo and a K,, (dose level at which 
glutamine synthesis is Vinax/2) of 1.5 mmoles per kilo. The latter may be 
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compared with the K,, (for NH;) of 0.0025 m for rat liver glutamine syn- 
thetase which may be calculated from the data of Speck (12). At the 
highest dosage levels, glutamine synthesis was slightly inhibited, also in 
keeping with the observations in vitro of Speck (12). Thus, it may be 
inferred that there is some constant relationship between the amount of 
NH; administered and the intracellular NH; concentration. On this as- 
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Fic. 6. Urea and glutamine synthesis at various dosage levels of ammonia. Pairs 
of male rats, weighing approximately 350 gm., received ammonium lactate in the 
dosage shown, containing 10 wmoles of N15H;. After 20 minutes the rats were 
sacrificed, and the N'® content of liver and carcass urea and glutamine was deter- 
mined. A, total body urea and glutamine synthesized in 20 minutes (liver + carcass). 
B, newly formed giutamine and urea accumulated in liver and in carcass after 20 
minutes. 


sumption one may replot the data according to Lineweaver and Burk, viz. 
1/v versus 1/dose. Such a plot yielded a Vinax of 50.1 umoles per minute 
per kilo, presumably the maximal capacity of the glutamine-synthesizing 
system in the absence of substrate inhibition or failure of substrate or 
adenosine triphosphate supply, and 35 per cent greater than the Vmax Which 
was physiologically realized. 

The data describing urea synthesis in Fig. 6 are in marked contrast to 
those for glutamine synthesis. Over a wide range of substrate concentra- 
tion, 50 to 1680 umoles of ammonia administered, urea synthesis proceeded 
at the rate of 8.6 + 0.9 per cent of the administered dose per 20 minutes. 


y MOLES IN LIVER AT 20 MIN 
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Only at the highest dose level, at which ammonia toxicity was manifest, 
did the rate fall to 6.0 per cent of the dose per 20 minutes. This is not the 
behavior usually expected of a single step enzymatic process, since jt 
appears to follow first order kinetics; 7.e., the rate of urea synthesis over the 
entire range experimentally feasible was dependent solely on the available 
substrate, and neither the necessary enzymes nor coenzymes seemed to 
limit the synthetic rate. The most obvious explanation for this surprising 
observation would be that, even at the highest doses, the intracellular am. 
monia concentration is well below K,, and that only the rate of entry of 
ammonia into cells was limiting. However, were this so, an increased rate 
of urea synthesis would be expected at the higher levels of ammonia dosage 
at which glutamine synthetase was already saturated and glutamine syn- 
thesis, proceeding at a constant rate, was no longer competing for the 
available ammonia. At a dosage level of 50 umoles of NH; per rat, 54 per 
cent of the isotope was recovered in the total body glutamine, whereas, at 
the dosage necessary to obtain maximal glutamine synthesis, only 15 per 
cent of the administered isotope was recovered in this form. Thus, it 
appears that the K,, for the substrate of the rate-limiting step in urea syn- 
thesis from NH; is relatively high and that in these experiments the sub- 
strate concentration remains well below this K,,, thereby permitting a linear 
relationship between urea synthesis and NH; dosage. These observations 
are difficult to reconcile with the fact that it is the supply of ornithine and 
citrulline which limits the rate of urea synthesis from NH; (18), and present 
studies are addressed to this problem. Of interest is the fact that only at 
the highest level of ammonia administration was there indication that urea 
synthesis was proceeding in the liver at a rate in excess of diffusion from 
that organ. The maximal rate of urea synthesis in the rat may be esti- 
mated by extrapolating the linear portion of the curve to that expected 





when the administered dose is 3780 umoles, viz. the LDy.» for ammonia | 


(18). The value so obtained is 44 umoles per minute per kilo. Thus, the 
total capacities of the rat urea- and glutamine-synthesizing systems are of 
the same order. 

However, the data of Figs. 1 and 4 indicate that, at low NH; concen- 
tration, glutamine synthesis is considerably more efficient than urea syn- 


thesis and glutamine synthesis is the major mechanism for detoxification [ 


of NH3, whether the latter be administered or arises metabolically as from 
p-leucine. This is in accord with the observation of du Ruisseau et al. 
(19) that administration to rats of a lethal dose of ammonia resulted in an 


increase in total body glutamine, and glutamine synthesis appears to be [ 


the most significant means of maintaining the normally extremely low cel- 
lular concentration of ammonia (4). Moreover, it can be calculated that 
glutamine turnover can suffice to provide the nitrogen necessary for normal 
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urea synthesis. A 300 gm. rat fed a commercial stock ration excretes of 
the order of 1 mmole of urea nitrogen per hour, of which half is derived 
from ammonia and half from aspartic acid (20). The apparent turnover 
time of the total body glutamine of 1.25 mmoles, calculated from the rate 
of loss of isotope in Fig. 3, is 2.7 hours. However, if the NH; so liberated 
is metabolized in a manner similar to administered ammonia, 80 per cent 
is resynthesized into glutamine; thus the real turnover time is about one- 
fifth the apparent rate or about 0.54 hour, or 2.5 mmoles per hour, of 
which 0.5 mmole leaves the glutamine pool. Thus, the rate of loss of am- 
monia from glutamine is of the same order as the synthesis of ammonia 
into urea under normal conditions. 

Assuming that the linear relationship between ammonia concentration 
and urea synthesis observed here also obtains at the still lower ammonia 
concentration of the normal steady state, urea synthesis and, hence, ni- 
trogen balance must be governed by those factors which determine am- 
monia concentration. Of these, the major factors would appear to be the 
concentration of a-amino acids which by transamination could increase the 
glutamate available to glutamic dehydrogenase, a-keto acids for glutamine 
transaminase-deaminase, a-ketoglutarate and reduced pyridine nucleotides 
for reversal of glutamic dehydrogenase, and adenosine triphosphate for 
glutamine resynthesis. Of these, the first is most likely to be under en- 
docrine control and the latter three to be limiting in the fasting or diabetic 
animal. 

It is difficult to assess the role of glutamic dehydrogenase in maintaining 
the intracellular NH; concentration. As shown in Fig. 1, 5 minutes after 
NH; administration, the N'® concentration of the a-nitrogen of glutamate 
was only one-third that of the amide nitrogen of glutamine. This may 
reflect only a lack of available a-ketoglutarate or reduced pyridine nucleo- 
tide and the high dilution suffered by N' incorporated into glutamate 
since, by virtue of the rapid turnover of glutamine, the effective pool of 
glutamate is actually the total a-nitrogen of glutamate plus glutamine. 
Conceivably, in the absence of a “‘load”’ of administered NH; or a precursor 
thereof, in the steady state glutamate synthesis by reversal of the glutamic 
dehydrogenase reaction may be a more significant process than under the 
conditions of these experiments. 


SUMMARY 


Ammonia, glutamine, L- and p-leucine, labeled with N', were adminis- 
tered to rats, and the N® of liver urea, glutamine, glutamate, aspartate, 
alanine, and glycine, as well as total body glutamine and urea, was deter- 
mined at various time intervals. Glutamine synthesis was found to be 
the major fate of ammonia. Urea synthesis, per unit time, was found to 
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represent a fixed percentage of available ammonia over a large concentra- 
tion range. " The data indicate that p-leucine undergoes initial oxidative 
deamination, whereas the nitrogen of L-leucine is transferred to glutamate 
before it becomes available for glutamine or urea synthesis. The signif- 
icance of these findings is discussed. 
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THE METABOLITES OF CARDIAC GLYCOSIDES 
IN HUMAN URINE 
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A study of the urinary excretion of digitoxin in man was first attempted 
by Friedman and coworkers (1) by the use of the embryonic duck heart 
method of biological assay. These workers estimated that the amount of 
cardioactive substances (calculated as digitoxin) excreted in the urine of 
young adults over a period of 12 to 24 days after an oral dose was equiva- 
lent to approximately 40 per cent of the dose. However, no differentiation 
between digitoxin and possible cardioactive metabolites was attempted 
in this work. By using biosynthetically labeled C™-digitoxin, Okita et al. 
(2) found that 60 to 80 per cent of an intravenous dose was eliminated 
through the kidneys of humans over a long period, and that only 6 to 10 
per cent of this appeared to be unchanged glycoside. The nature of the 
metabolites of the glycoside present in the urine was not investigated. 

Some qualitative information has been obtained about the metabolic 
products of cardiac glycosides excreted in rat urine (3, 4). Digoxin and 
lanatoside C were both excreted in this animal, principally as the unchanged 
glycoside, but both were also converted to a metabolic product which has 
been designated Metabolite B. Investigation into the chemical nature of 
this substance (5) indicated that it was probably a conjugate of the agly- 
cone digoxigenin. Digitoxin was excreted in only small amounts as the 
unchanged glycoside in this animal (4); the principal urinary product was 
a substance, Metabolite C, which was thought to be a conjugate of a deriva- 
tive of digitoxigenin. With higher doses of digitoxin, other metabolites 
appeared in the urine, one of which was named Metabolite G. 

We have now been able to make a qualitative study of the cardioactive 
substances present in human urine after oral administration of digoxin, 
digitoxin, and lanatoside C and have compared the metabolites present with 
those found in rat urine. A preliminary communication (6) outlined 
evidence which indicated that hydroxylation occurred at C-12 in the digi- 
toxin molecule in humans and in rats, thereby producing a urinary metabo- 
lite which could not be separated from the glycoside digoxin. This evidence 
was based on experiments in which paper chromatography and C™-digitoxin 
were used, and the details of this work are also presented in this paper. 
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Methods 


Extraction of Glycosides and Metabolites from Human Urine—Healthy 
adults were given oral doses of 1 mg. of each glycoside and the 12 hou 
urine collections were pooled. The pooled urine was treated with 40 per 
cent lead acetate solution until no further precipitation occurred. The 
precipitate was removed by centrifuging and the supernatant liquid was 
extracted by rolling approximately 200 ml. with three successive portions 
of 150 ml. of chloroform in 1 liter bottles for 2 hours. The chloroform 
extract was too heavily pigmented to allow direct application to paper 
chromatograms, and the following procedure was necessary to remove the 
bulk of the pigment. The chloroform extract was evaporated to small 
bulk under reduced pressure, absorbed on 250 mg. of washed Super-Cel, 
and dried. A partition column was prepared by adding 1 gm. of water 
to 1 gm. of Super-Cel and packed into a column 8 mm. in diameter, filled 
with water-saturated benzene, and allowed to equilibrate with this solvent. 


The urine extract was then packed on top of the column and eluted with | 
15 ml. fractions of each of the following water-saturated solvents, (a) | 


benzene; (b) benzene 9, chloroform 1; (c) benzene 4, chloroform 1; (d) 
benzene 2, chloroform 1; (e) benzene 1, chloroform 2; (f) chloroform. The 
use of this partition column reduced pigment concentration and permitted 
the subsequent paper chromatography of the urinary extracts. Each 
fraction was evaporated to dryness, redissolved in chloroform-methanol, 
and chromatographed on paper strips 3 X 27 cm. Fractions obtained 
from solvents (a) to (d) were chromatographed by using System 3, and 
fractions (e) and (f) with System 1. The glycosides or metabolites were 
located by treating a narrow marginal strip cut from each chromatogram 
with alkaline m-dinitrobenzene (4), and these were used as markers for 


cutting away the metabolite or glycoside areas in the main strip. These | 
areas were dried at 60° in a current of air and eluted with methanol for | 


further tests or rechromatography. 

Paper Chromatography—Systems 1, 2, and 3 were used to develop form- 
amide-impregnated paper. Whatman No. 4 paper was dipped in a mixture 
of 25 per cent formamide in methanol or acetone and dried between sheets 
of absorbent paper. The chromatograms were run horizontally (3). 

System 1—Benzene 78, chloroform 12, butanol 5, saturated with form- 
amide (4). 

System 2—Tetrahydrofuran 1, chloroform 1, saturated with formamide 
(7). 

System 3—Methy] isobutyl ketone 4, isopropyl ether 1, saturated with 
formamide (8). 


Systems 4 and 5 were reversed phase systems, according to the methods | 
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of Tschesche, Grimmer, and Seehofer (9), and were used for further identi- 
fication. 

System 4—Ethy] hexanol-amy] alcohol-water-formamide (6:2:8:2). 

System 5—Ethyl] hexanol-amy] alcohol-water-formamide (6:2:1:4). 

System 6—Chloroform, ethyl acetate, benzene, saturated with water (10). 

Sulfuric Acid Absorption Spectra—Between 1 and 3 mg. of pure glyco- 
side or aglycone were dissolved in 40 ml. of 98 per cent sulfuric acid and the 
ultraviolet absorption spectra recorded after 30 minutes and again about 
16 hours later. The metabolite areas of the paper chromatograms being 
investigated were eluted with methanol and, after removal of the methanol, 
2 ml. of 98 per cent sulfuric acid were added and the ultraviolet absorption 
spectra measured as for the glycosides or aglycones. The sulfuric acid 
spectra of a methanol extract of an equivalent area of blank paper were 
recorded for comparison. 

C™-Digitoxrin—Two rats of 200 gm. were each injected with 46,000 d.p.m. 
of biosynthetically prepared C'-digitoxin (11), and at the same time 
with 2 y per gm. of non-radioactive digitoxin. The urine was collected 
for 12 hours, extracted as described previously (4), and counted on an in- 
ternal gas flow Geiger counter. The extract was then chromatographed 
on formamide-impregnated strips 4 cm. wide with use of System 1. One- 
fifth of the strip was cut away and treated with alkaline m-dinitroben- 
zene. The areas on the untreated strip corresponding to the glycoside 
and metabolites were cut, dried, and eluted with methanol, and each 
solution was counted. To the eluate of Metabolite G (Fig. 3) 10 mg. of 
normal digoxin were added and the whole was recrystallized to radio- 
chemical purity. 


Results 


Metabolites Excreted in Human Urine 


Lanatoside C—A total of 12 mg. of lanatoside C was administered to 
twelve subjects and the pooled 12 hour urine collections were treated by 
the method described. Paper chromatography revealed the presence of 
two substances which produced a blue color with m-dinitrobenzene char- 
acteristic of the butenolide ring. The first of these metabolites was 
rechromatographed with digoxin on Systems 1 and 6 and did not separate. 
The second metabolite was rechromatographed with a sample of Metabolite 
B obtained from rat urine on System 1 and failed to separate. 

Lanatoside C could not be detected in eluates by this method, owing to 
the retention of this glycoside on the water partition column. To overcome 
this difficulty, a portion of the chloroform extract of the urine was chroma- 
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tographed directly on paper, System 1 being used, and unchanged lanatoside 
C was detected free from urinary pigment. 

Digoxin—A total of eleven persons received 11 mg. of digoxin. Paper 
chromatography revealed the presence of two substances, which were 
compared with authentic digoxin and with a sample of rat urine Metabo. 
lite B, respectively, on Systems 1 and 6. No separations were observed, 

Digitoxin—A total of 7.5 mg. of this glycoside was administered to eight 
persons. Three substances could be detected on paper chromatograms, 
The first, which was present in only trace amounts, was found to be sini- 
lar to unchanged digitoxin by paper chromatography comparison. The 
other two metabolites were compared with Metabolites C and G which are 
present in rat urine, and would not separate from them on Systems 1, 3, 
and 6 (Table I). 


TABLE I 
Metabolites Present in Human Urine after Administration of Digitalis Glycosides 








Glycoside | Glycoside and metabolites detected in urine 
Lanatoside C Lanatoside C, digoxin, Metabolite B 
Digoxin Digoxin, Metabolite B 


Digitoxin Digitoxin, Metabolite C, digoxin, Metabolite G 





Examination of Digitoxin Metabolite G 


Paper Chromatography—Although chromatography on formamide- 
impregnated paper does not in general give consistent Ry values, it was 





Fig 
olite ( 
blank; 


noted that Metabolite G present in rat or human urine after digitoxin | 
administration traveled very similarly to digoxin when chromatographed | 
on System 1. This metabolite was eluted and chromatographed together | 


with digoxin on Systems 1, 2, and 3 without any separation occurring. 
Comparisons were also made on the reverse phase Systems 4 and 5, and 
again no separation was obtained. 

Mild Acid Hydrolysis—Metabolite G eluates were hydrolyzed by re- 
fluxing with 0.5 per cent HCl and 50 per cent ethanol. The chloroform 
extract was chromatographed on Systems 1 and 3 with an authentic 
sample of digoxigenin without any separation occurring. 

Ultraviolet Absorption Spectra in Sulfuric Acid—The ultraviolet absorp- 
tion spectra in sulfuric acid of digoxin, digoxigenin, Metabolite G, hy- 
drolyzed Metabolite G, sarmentogenin, and episarmentogenin are shown 
in Figs. 1 and 2. Prominent maxima at 390 and 490 my are present for 
digoxin, digoxigenin, Metabolite G, and hydrolyzed Metabolite G. Sar- 
mentogenin and episarmentogenin showed a characteristic maximum at 
415 my which was absent in digoxin, digoxigenin, or Metabolite G. 


Fig 
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Fig. 1. Ultraviolet absorption spectra in sulfuric acid. Curve 1, eluate of Metab- 
olite G; Curve 2, eluate of hydrolyzed Metabolite G; Curve 3, eluate of filter paper 
blank; A, optical density (1 em. cell). 
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Fic. 2. Ultraviolet absorption spectra in sulfuric acid. Curve 1, sarmentogenin; 

Curve 2, digoxigenin; Curve 3, digoxin; Curve 4, episarmentogenin. 
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C™-Digitoxin—The radioactivity of the total chloroform extract of the 
bulked urine after injection of two rats with a total dose of 92,000 d.p.m. 
of C-digitoxin was 3110 d.p.m. This extract, when chromatographed op 
System 1, showed three areas of cardioactive material (Fig. 3). After 
drying and elution with methanol, the radioactive areas gave the following 
counts: (a) digitoxin area 240 d.p.m.; (b) Metabolite G area 408 d.p.m.; 
(c) Metabolite C area 980 d.p.m. To the Metabolite G area 10 mg. of 
digoxin were added, and the whole was recrystallized five times from 
chloroform-ether and gave the following specific activities (disintegrations 
per minute per mg.) after correction for self-absorption: first recrystalliza- 
tion (9 mg.), 22.6; second (7.0 mg.), 20.8; third (6.0 mg.), 22.0; fourth 
(5 mg.), 21.0; fifth (3.0 mg.), 20.4; m.p. of recovered digoxin, 255-260° 
(authentic sample m.p. = 255-257°). 









































Comparison of Metabolite B (from Digoxin) and Metabolite C (from 
| 2 3 
. | 
B rd Bart TTT 
S.L. Cc G DG 


Fig. 3. Paper chromatogram of rat urinary excretory products after digitoxin 
and C!4-digitoxin administration; A, strip for elution; B, strip for visualization; 
Band C, Metabolite C zone; Band G, Metabolite G zone; Band DG, digitoxin zone; 
Zones 1, 2, 3 = the areas eluted for counting. 


Digitoxin)—Both metabolites showed a blue fluorescence in ultraviolet 
light after treatment with trichloroacetic acid and traveled similarly on 
paper chromatograms. When chromatographed together on System 1, 
no separation occurred. Both Metabolite B and Metabolite C after 
hydrolysis with dilute acid could not be separated from digoxigenin. 


DISCUSSION 


It is apparent that the metabolism of the cardiac glycosides digoxin, 
digitoxin, and lanatoside C is qualitatively similar in rats and in humans. 
We were unable to detect any metabolites in human urine which were not 
present in rat urine. Although quantitative estimation of the human 
urine metabolites was not attempted, the paper chromatograms indicated 
that, after digitoxin administration, the major cardioactive constituent of | 
the urine was not unchanged glycoside, but was the substance which we 
have previously called Metabolite C in rat urine (5). Smaller amounts of | 
the Metabolite G of rat urine and free digitoxin were detected. 

The fact that Metabolite G could not be separated from the glycoside 
digoxin on five systems of paper chromatography indicates that it must be | 
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very similar to, if not identical with, this substance. The apparent non- 
separation of digoxin from the C'-labeled Metabolite G excreted in rat 
urine after five recrystallizations is also strong evidence that these sub- 
stances are the same compounds. Also, it appears from paper chroma- 
tographic evidence that Metabolite B found in human and rat urine after 
administration of digoxin and which has been shown to be a conjugate of 
digoxigenin (5) is identical with digitoxin Metabolite C. 

The formation of digoxin from digitoxin involves hydroxylation of the 
steroid genin at C-12 in the @ position. Although a hydroxylation at 
position 12 in the steroid nucleus occurs in the formation of bile acids and 
has been shown to take place in man after cholesterol administration (12), 
8 hydroxylation in this position does not appear to have been previously 
recorded in animals. It must be pointed out, however, that the cardiac 
glycosides are unique among naturally occurring steroids in having rings 
C and D arranged cis to one another, and under these conditions the 8 
position at C-12 is equatorial and hence the more favored configuration. 

It is possible that hydroxylation could have occurred at position 11 in 
the digitoxin molecule and the resulting product be inseparable from digoxin 
by paper chromatography or recrystallization. A comparison of the ul- 
traviolet absorption spectra of digoxigenin, digoxin, and Metabolite G 
in concentrated sulfuric acid with that of sarmentogenin (11-a-hydroxyl- 
digitoxigenin) with episarmentogenin (11-8-hydroxydigitoxigenin) indi- 
cates that Metabolite G is not an 11-hydroxyl compound. 

The sulfuric acid absorption spectra of sarmentogenin and 11-episar- 
mentogenin are identical. Also these two compounds, though separable, 
run very close to one another on paper chromatograms. This suggests 
that 12-a-hydroxydigitoxin and 12-8-hydroxydigitoxin (digoxin) would 
also be difficult to distinguish from each other. However, from the con- 
stant radioactivity upon recrystallization, and from a consideration of 
conformational factors, we prefer the identification of Metabolite G with 
digoxin rather than with 12-epidigoxin. 


SUMMARY 


1, The cardioactive metabolites excreted in human urine after the 
administration of lanatoside C, digoxin, and digitoxin are identical with 
those found in rat urine. 

2. In the rat and in man the glycoside digitoxin undergoes hydroxylation 
at position 12 in the steroid aglycone, resulting in the formation of a meta- 
bolic product which cannot be distinguished from the glycoside digoxin. 

3. Metabolite B, a conjugate of digoxigenin, found in human and rat 
urine after dosage with lanatoside C and digoxin, is identical with Metabo- 
lite C present in human and rat urine after digitoxin administration. 
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CHANGES IN THE ENZYMATIC COMPOSITION OF LIVER* 
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of Health, United States Public Health Service, Bethesda, Maryland) 


(Received for publication, December 23, 1957) 


Rats made diabetic with alloxan have been shown to excrete less N- 
methylnicotinamide than normal rats when given test doses of tryptophan 
(2). The present investigation was designed to determine the nature of 
the enzymatic alteration responsible for the difference between the two 
groups of animals. 

A deficiency in one or more of the enzymes needed for the conversion of 
tryptophan to nicotinic acid would obviously explain the results. No such 
deficiency was found, but, since not all of the steps in nicotinic acid bio- 
synthesis have yet been described, only some of the enzymes could be 
assayed. An alternative explanation was suggested, however, by the 
finding of a very large increase in the concentration of an enzyme, pico- 
linie carboxylase (3), which attacks the product of 3-hydroxyanthranilic 
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3-hydroxyonthranilic (~~ a 
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3-Hydroxyanthranilate Intermediate Picolinate 


acid oxidation to form picolinic acid. Since 3-hydroxyanthranilic acid is 
known to be a precursor of nicotinic acid, it is suggested that the increase 
in picolinic carboxylase results in a diversion of a common precursor from 
nicotinic to picolinic acid. 

The increase in picolinic carboxylase can be ascribed to the diabetic 
state, but the mechanisms involved in the change are not known. It has 
been found to be completely dependent on the presence of adrenal hor- 
mones. Some aspects of hormonal interaction on the control of liver 
enzymes are discussed in Paper II (4). 


Methods 


Female Sprague-Dawley rats raised at the National Institutes of Health 
were made diabetic by the intravenous administration of 40 to 55 mg. of 


* A preliminary account of this work has been presented (1). 
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alloxan per kilo to fasted animals (5). A variable percentage of animals 
become diabetic with this treatment; some do not show permanent changes 
and others do not survive. Only animals displaying polydipsia, polyuria, 
and glycosuria were considered to be diabetic. N-Methylnicotinamide 
excretion was determined (6) in 24 hour urine samples after the oral ad- 
ministration of 100 mg. of tryptophan. 

Enzyme assays were performed on extracts of livers cooled in ice im- 
mediately after sacrifice and exsanguination of the animals. The chilled 
livers were homogenized in a cooled metal Waring blendor with 2 volumes 
of cold 0.9 per cent KCl, and the homogenates were centrifuged for 10 
minutes at 18,000 X g in a Servall angle centrifuge at 2°. Tryptophan 
peroxidase was measured essentially as described previously (7); the incu- 
bation mixture, including 2 ml. of extract, 10 umoles of tryptophan, xan- 


thine oxidase, 4 umoles of hypoxanthine, 200 ywmoles of phosphate 


buffer, pH 7.5, and water to 4 ml., was shaken at 39° for 30 minutes. For 
deproteinization, 2 ml. aliquots were added to 2 ml. of 5 per cent zinc ace- 
tate; then excess zinc was precipitated by neutralizing with 2 ml. of 0.2 n 
NaOH. The mixture was filtered, and kynurenine was determined by 
measuring the optical density at 360 my. 3-Hydroxyanthranilic acid 
oxidation was assayed spectrophotometrically (3) at 25° with 0.05 ml. 
of a 10-fold dilution of the extract, 50 umoles of phosphate buffer, pH 7.5, 
and substrate in a final volume of 3.0 ml. The rate of increase in optical 
density at 360 my was determined at 15 second intervals after the addition 
of 10 y of 3-hydroxyanthranilic acid on the stirring rod described by Boyer 
and Segal (8). Picolinic carboxylase was assayed under the conditions of 
3-hydroxyanthranilic acid oxidation with 0.2 ml. of undiluted extract. With 
this amount of extract the conversion of 3-hydroxyanthranilic acid to the 
intermediate is complete within 30 seconds. In the absence of picolinic 
carboxylase a non-enzymatic formation of quinolinic acid causes a decrease 
in absorption at 360 my with an initial rate of about 0.015 per minute. 
In the presence of picolinic carboxylase, the increased rate of disappearance 
of the absorption at 360 muy is proportional to the amount of enzyme. 
Ultraviolet determination of protein in suitable dilutions showed similar 
concentrations in all of the extracts used. 


Results 


The site of the enzymatic change in diabetic animals responsible for the 


decreased N-methylnicotinamide excretion was localized by the finding that 
test doses of 3-hydroxyanthranilic acid fed in place of tryptophan gave the 
same pattern of N-methylnicotinamide excretion as tryptophan adminis- 


tration. As would be expected from this result, no deficiency was noted | 


in enzyme concerned with the initial step in tryptophan metabolism. 
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nals The results shown in Table I indicate that the concentration of trypto- 
ges phan peroxidase in diabetic livers tends to be higher than the concentration 
Iria, in normal livers. The differences are consistent, but the level of enzyme 


nide js not greatly increased compared with the increases found in tryptophan- 
ad- adapted and in cortisone-treated (9) animals. When large doses of trypto- 
phan are administered, both normal and diabetic animals show the same 


im- adaptive response of a 10-fold or greater increase in the level of tryptophan 
illed 
imes TaBLe I 
r 10 Effect of Tryptophan Administration on Liver Tryptophan Peroxidase and 
phan 3-Hydroxyanthranilic Oxidase in Normal and Diabetic Rats 
incu- Tryptophan peroxidase (TP) and 3-hydroxyanthranilic oxidase (3-HAox) in ex- 


tracts of livers from normal and diabetic rats, with and without prior administra- 
Xal- . . 
h tion of L-tryptophan. In the adapted animals 200 mg. of tryptophan suspended in 
mhate 2 ml. of HzO with gum acacia were injected intraperitoneally 5 hours before killing 
y 
For | the animals. The enzyme activities are expressed as optical density changes at 



































-ace- | 360 mu; tryptophan peroxidase values represent 30 minute incubations and were 
0.2N read in the zinc-deproteinized filtrates; 3-hydroxyanthranilic oxidase values were 
d by | taken as the increase in optical density between $ and 1 minute after adding the sub- 
| al strate. The TP and 3-HAox values for the individual animals are listed in adjacent 
3 aa columns. 

> mi. - . 
J 7.5, Diabetic Normal 

ptical Non-adapted +Tryptophan Non-adapted +Tryptophan 
dition — 
Boyer TP 3-HAox TP 3-HAox TP | 3-HAox TP 3-HAox 
ons of » | i 

0.389 | 0.048 | 2.21 0.134 | 0.069 | 0.051 | 1.50 | 0.054 
With 
0.252 0.039 1.48 0.088 0.139 0.055 1.27 

to the} 0.180 | 0.041 1.62 0.055 | 0.095 | 0.050 | 1.29 | 0.041 
colinic 0.220 0.078 0.36 0.104 0.148 0.077 1.28 0.032 
crease 
Linute. 


arance | Peroxidase. Normal and diabetic livers do not show any consistent dif- 
zyme. ferences in the levels of 3-hydroxyanthranilic oxidase. 
similar In contrast to the relatively unaltered levels of the enzymes concerned 
with the oxidation of tryptophan and 3-hydroxyanthranilic acid, the 
enzyme that forms picolinic acid from the oxidation product of 3-hydroxy- 
anthranilic, picolinic carboxylase, is markedly increased in diabetic livers. 
for the | 1» Table II the rates of disappearance of the absorption at 360 my in the 
ng that standard assay system are given in optical density change per minute. 
ave the The values listed are for the first ten animals studied and represent parallel 
minis | *88ays carried out simultaneously on livers from diabetic animals and from 
. noted | 20rmal controls of the same batch of rats. The pattern observed in these 
experiments has been maintained in subsequent assays carried out as 
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references in later experiments. Since the values obtained with normal 
animals are not over twice the blank, there is sufficient error in the deter. 
mination to prevent an assignment of a ‘“‘normal” value. The increase jp 
diabetic livers, however, gives values in another order of magnitude. 

The possibility that changes in picolinic carboxylase are a consequence of 
a generalized alteration in metabolism was tested by withholding food from 


TaBLeE II 
Picolinic Carboxylase in Extracts of Normal and Diabetic Livers 
The values are expressed as decrease in optical density at 360 mu per minute. 








Normal | Diabetic 


0.019 0.126 

0.015 0.090 

0.021 | 0.123 

0.017 | 0.075 

0.024 0.080 
TaB_e III 


Effects of Starvation and 3-Hydroxyanthranilic Acid 
Administration on Liver Picolinic Carboxylase 











— 


Food withheld 3-Hydroxyanthranilic acid given* 
48 hrs.t 72 hrs.t | 3 wks.t 13 mg. per day, 5 days |20 mg. per day, 21 days 
as Pee, (Senta es a ee 
0.016 0.020 | 0.034 0.016 | 0.020 
0.025 0.028 | 0.055 | 0.014 
0.017 | 0.019 | 0.018 | 
0.016 | 0.019 | 0.035 





* Administered by stomach tube. 
Tt Water ad libitum. 
t After 5 days a 1 per cent sucrose solution was substituted for drinking water. | 


normal animals, which simulates many of the effects of diabetes. In the 
first series, illustrated in Table III, there was no increase in the level of 
picolinic carboxylase after 2 or 3 days of starvation. More extensive 
starvation, with only water ad libitum or with food restricted to 3 gm. per 
day, was carried out for periods up to 3 weeks. The animals lost approxi- 
mately one-third of the original body weight, but the levels of picolinie 
carboxylase in the livers did not approach diabetic values. Another 
possibility, that picolinic carboxylase is an adaptive enzyme that increases 
in the presence of increased substrate, was tested by daily feeding of sus 
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acid administration should cause the substrate for picolinic carboxylase to 
accumulate, as the oxidase is far more active than the carboxylase in liver. 
As shown in Table III, administration of 3-hydroxyanthranilic acid has no 
apparent influence on the enzyme level. The administration of large 
doses of tryptophan, which cause the increase in tryptophan peroxidase 
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Fic. 1. Picolinie carboxylase increase following alloxan administration. Each 
horizontal line represents one animal. After the 1st week, those animals that con- 
tinue to exhibit signs of diabetes maintain high enzyme levels for at least several 
more weeks. 


shown in Table I, does not influence the level of picolinic carboxylase in 
normal or diabetic rats. 

The rate of increase in picolinic carboxylase is very slow compared with 
changes in carbohydrate metabolism. In Fig. 1 the levels of this enzyme 
are shown as a function of time after the administration of alloxan. Only 
minimal changes are seen for several days, and maximal increases are seen 
only after 6 days, whereas the blood sugar is elevated within the Ist day. 

Administration of insulin to the diabetic rats produces immediate de- 
crease or elimination of glucose excretion. However, increased excretion of 
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N-methylnicotinamide is seen only after days or weeks, and the increase jp 
excretion of this compound is roughly paralleled by reduction in the level of 
picolinic carboxylase (Table IV). Even after several weeks of insulin 
treatment, however, the level of picolinic carboxylase remains slightly 
elevated. 


TaBLe IV 


Liver Picolinic Carborylase and N-Methylnicotinamide Excretion 
in Diabetic Rats with and without Insulin 


—_———— 7 ——— $$. 

















Diabetic +Insulin Controls 
ae ers eee —2 
Ps N—-CH, | A ~- ylese N—CHs emeies N—CHi 
0.126 0.2 0.052 1.3 0.019 1.0 
0.090 0.3 0.023 2.7 0.015 1.4 
0.123 0.3 0.058 0.4 0.021 0.8 
0.075 0.3 0.040 1.3 0.017 1.7 
0.080 0.4 0.040 i 0.024 1.9 
0.084 0.2 0.053 0.7 0.020 0.8 
0.083 0.1 0.052 0.6 0.027 1.2 




















The insulin-treated animals received 16 to 40 units of protamine-zinc insulin, as 
required, to control glycosuria and excess water intake for a period of about 3 weeks. 
N—CH,; values are expressed as mg. excreted in 24 hours after a test dose of 100 mg. 
of tryptophan. Food was withheld during the test period. 


DISCUSSION 


The increase of an enzyme that has no apparent relation to carbohydrate | 


metabolism appears to be a function of the diabetic state. In animals that 
resisted the action of alloxan, as indicated by normal water intake and 


sugar-free urine, no alteration in picolinic carboxylase was seen. The | 


failure of starvation and 3-hydroxyanthranilic acid administration to 
reproduce the effect of alloxan indicates the direct relation between the 
diabetic state and the enzyme level. The reversal of the enzyme change 
when insulin is given supports the conclusion that the enzyme, indeed, 
reflects the diabetic condition and is not an independent response to alloxan. 
This conclusion has been confirmed with animals made diabetic by surgical 
pancreatectomy.' This does not imply that insulin must act directly on 


the liver, and the possibility remains that the effects of diabetes are medi- | 


ated indirectly through other endocrine organs. In the following publica- 
tion the effects of other hormones on the level of picolinic carboxylase 
will be reported, and the mechanism of the control of the enzyme level will 
be discussed. 


1 Unpublished experiments of A. H. Mehler, E. G. McDaniel, and M. G. Martin. 
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se in Several reports have indicated changes in liver enzymes in diabetic ani- 
elof mals (10). Im some cases decreases in levels have been noted (11). In 
sulin the case of glucose-6-phosphatase, 2- to 3-fold increases were found to occur 
htly 2 or 3 days after the administration of alloxan (12). The similar response 
of apparently unrelated enzymes to the development of a diabetic state 
suggests that a common mechanism may be involved in the control of 
enzyme levels. It has not yet been determined whether the increases 
noted represent increased rates of enzyme synthesis, decreased enzyme 
— | destruction or, as was reported for intestinal histaminase, decreased release 
from the tissue (13). 

The correlation of changes in picolinic carboxylase with altered excretion 
of N-methylnicotinamide suggests that the effect of diabetes may not be on 
) any of the reactions that participate directly in N-methylnicotinamide 
, synthesis. Instead, the increase in activity of a system that utilizes a 
g common intermediate appears to allow picolinic acid formation to proceed 
7 at the expense of nicotinic acid. 

9 The final products of 3-hydroxyanthranilic acid metabolism are largely 
8 unidentified (14), and it is not possible at this time to evaluate the role of 
. | picolinic carboxylase in vivo. However, since nicotinic acid derivatives 
jin, as | appear to comprise only a very small percentage of the 3-hydroxyanthranilic 
veeks.| acid degraded, a large increase in picolinic carboxylase could have the 
mg. effect of minimizing the production of nicotinic acid without increasing 
significantly the amount of material normally converted to other products. 

If this explanation applies even in part, it implies that the oxidation 

of 3-hydroxyanthranilic acid is common to both the nicotinic and picolinic 

drate| pathways, since the oxidase does not seem to be altered in diabetes. The 
sthat| unstable intermediate that absorbs at 360 my would therefore appear to be 
e and} aprecursor of nicotinic acid. The only known reactions of this compound 

The | at physiological pH values are decarboxylation to picolinic acid and the 
on t0| spontaneous formation of quinolinic acid. It remains to be determined 
mn the | whether a third reaction exists, or whether quinolinic acid is, as has been 
hange | debated for years, a biological precursor of nicotinic acid. 


ideed, 

loxan. We wish to acknowledge the technical assistance of Mrs. Catherine J. 
irgical + Rhodes and Mr. William H. Mills. 

tly on 

ast | SUMMARY 

ablica- Livers of alloxan-diabetic rats have greatly increased concentrations of an 


xylase | enzyme that forms picolinic acid from an oxidation product of 3-hydroxy- 
vel will} anthranilic acid. The level slowly reverts to normal values following 
insulin administration. These changes are inversely correlated with the 
excretion of N-methylnicotinamide. The implications of these observa- 


artin. . : See aii dae : , 
tions for the mechanism of nicotinic acid biosynthesis are discussed. 
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CHANGES IN THE ENZYMATIC COMPOSITION OF LIVER 


Il. INFLUENCE OF HORMONES ON PICOLINIC CARBOXYLASE 
AND TRYPTOPHAN PEROXIDASE 
By ALAN H. MEHLER, E. G. McDANIEL, ann JAMES M. HUNDLEY 


(From the National Institute of Arthritis and Metabolic Diseases, National Institutes 
of Health, United States Public Health Service, Bethesda, Maryland) 


(Received for publication, December 23, 1957) 


In Paper I (1) it was reported that the amount of the liver enzyme, 
picolinie carboxylase, is greatly increased in diabetic rats, while other 
related enzymes are not changed greatly. In this paper some of the 
factors that influence the level of this enzyme in rat liver are described. 
A major role was found for adrenal steroids, which are required for the 
increase to occur. ‘The increase in enzyme level is not a simple response 
to cortisone-like hormones, however, as the extent of the response is deter- 
mined by other physiological factors. In general the changes of picolinic 
carboxylase parallel those reported for glucose-6-phosphatase (2). The 
finding of the same type of change in enzyme level with enzymes that have 
unrelated functions and occur in different cell fractions indicates that the 
effects of certain hormones may be to alter greatly the enzymatic compo- 
sition of cells and not merely to influence the activities of individual en- 
zymes. 


Methods 


The assays of enzymes were carried out as described in Paper I (1). 
Picolinic carboxylase activity is expressed as change in optical density at 
360 my per minute in the assay system; tryptophan peroxidase activity is 
expressed as the optical density difference at 360 my between deproteinized 
mixtures incubated for 1 hour with and without tryptophan. 

Hypophysectomized female rats were purchased from the Charles River 
Breeding Laboratories, Inc. At the conclusion of experiments involving 
these animals, the functional absence of pituitary hormones was confirmed 
by inspecting the uteri, which were atrophic. Rats were made diabetic 
with alloxan as described previously (3). Adrenalectomies were performed 
on diabetic rats only after 2 weeks of high water consumption and glyco- 
suria. Adrenalectomized animals were given water containing 0.9 per 
cent NaCl ad libitum, and the completeness of the adrenalectomy was 
determined by the decrease in weight when tap water was substituted for 
the saline drinking water. Adrenalectomized animals were used in experi- 
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ments not less than 2 weeks after the operation. All animals were maip. 
tained on a commercial stock diet. 


Results 


The essential role of the adrenal hormones in establishing and maintajp. 
ing increased levels of picolinic carboxylase in diabetic animals was indi. 
vated by the effect of adrenalectomy. In Table I are shown the levels of 


TABLE I 

Effect of Adrenalectomy and Cortisone on Liver Picolinic Carboxylase in Diabetic Rais 
Diabetic adrenalectomized rats were given 1 mg. of cortisone acetate subcutane. 
ously each day for 4 days preceding sacrifice. The diabetic controls were animal 
given alloxan at the same time as some of the other animals represented in this 
table. The values for picolinic carboxylase have not been corrected for the nop. 
enzymatic reaction, which has a value of about 0.015. 











Diabetic adrenalectomized 
= See Diabetic controls 











No cortisone Cortisone 
0.015, 0.016, 0.019, 0.032 0.084, 0.090, 0.175 | 0.083, 0.105 
TaBLe II 


Increase of Picolinic Carborylase with Daily Administrations of Cortisone 
Diabetic adrenalectomized rats were used several days after testing for adrenal 
sufficiency. 0.1 mg. of cortisone acetate was injected subcutaneously into each mi 
at the start of the experiment and at 24 hour intervals until the time of sacrifice 


| Hrs. after 1st dose 


16 40 64 | 136 











Picolinic carboxylase ...... | 0.029, 0.036 | 0.034, 0.052 | 0.125, 0.180 | 0.300 





picolinic carboxylase in livers of animals adrenalectomized 7 to 21 days 
following the establishment of diabetes. The control animals were maée 
diabetic at the same time as those eventually adrenalectomized. Iti 
seen that the adrenalectomized animals have enzyme levels reduced to the 
very low levels characteristic of normal animals and that administration ¢ 
cortisone causes the levels to increase to those characteristic of diabetes. 

In Table II is shown the time-course of the response to cortisone at 
ministration to diabetic adrenalectomized rats. The response of the live 
to cortisone is slow. During the first 24 to 48 hours, the increase in enzymt 
level is small or absent. After 3 days, however, with daily administration 





of the hormone, the picolinic carboxylase activity increases to very high? 
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main |evels, equal to or exceeding the highest levels seen in livers of diabetic 
rats. No difference was detected in response to cortisone given at levels 
of 0.2 mg. to 10 mg. per animal per day. 

The possibility that the action of cortisone is indirect was explored in 
ntain- experiments with hypophysectomized rats (Table III). In these, the level 
} indi. of picolinic carboxylase is within the normal range. When cortisone is 
els of administered, the level of enzyme increases to that found in diabetic ani- 

mals, whereas similar doses of cortisone have little, if any, effect in normal 
































animals. 
ic Rats 
-utane. TaBLe III 
a Picolinic Carboxylase in Livers of Hypophysectomized Rats 
in this : . : 
he m4 Normal and hypophysectomized rats were given 1 mg. of cortisone acetate each 
of the 3 days preceding sacrifice. 
Hypophysectomized Normal 
| Cortisone | No cortisone Cortisone | No cortisone 
can 2 i — i —_|———————_— = 
0.138, 0.170 0.028, 0.030 | 0.027,0.061 | 0.020, 0.031 
TABLE IV 
me Differential Effect of Cortisone on Tryptophan Peroxidase (TP) 
adrenal and Picolinic Carborylase (PC) 
pach ith” l Preven aera ; as mene sit 
nite ypophysectomize 28 Norma 
No cortisone Cortisone | No cortisone | Cortisone 
eS) Eee 0.142 0.590 0.017 0.600 
A ee 0.030 | 0.138 0.020 0.027 








0. | ——_—_—_____— 


Cortisone had been shown previously to cause an increase in liver trypto- 
21 days phan peroxidase (4). Tryptophan peroxidase is an adaptive enzyme (5), 
© matt and the time required for the level of this enzyme to increase is several 
It®) hours, whether tryptophan or cortisone is the inducing agent. In cortisone- 
J to th treated hypophysectomized or diabetic adrenalectomized animals, which 
ation} have increased levels of picolinic carboxylase, tryptophan peroxidase was 
betes. | also found to be elevated, in contrast to 3-hydroxyanthranilic oxidase which 
one ad remained at normal levels. Normal animals given cortisone for several 
he liv} days, however, showed inconsistent, modest increases in picolinic carboxyl- 
enzyit® ase, whereas tryptophan peroxidase was consistently elevated. The repre- 
tratiol} sentative values are shown in Table IV. 
pry hi} Adrenalectomized diabetic animals do not exhibit the elevated blood 
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sugar levels or glycosuria of diabetic animals, but the glycosuria returns op 
administration of cortisone. The change in picolinic carboxylase, however 
is not a result of changes in carbohydrate metabolism. This was shown jp 
experiments in which cortisone was administered to normal animal, 
Small doses of cortisone, which produce modest increases in picolinic cap. 
boxylase in non-diabetic animals, do not cause glycosuria. Large doggy 
(10 mg. per day) were given to rats for approximately 1 week, and the 
animals were force-fed to maintain body weight. The animals becan, 
glycosuric, but the levels of liver picolinic carboxylase ranged betwee 
0.040 and 0.065, not significantly different from the levels produced by 
small doses of cortisone. 

Fractionation of liver homogenates has shown that picolinic carboxylag 
is found only with soluble fraction. Livers were homogenized in Potter. 
Elvehjem type homogenizers (Teflon pestle in polyethylene tube) in 0.35 
M sucrose and centrifuged for 10 minutes at 18,000 X g in the cold. The 
supernatant fluid was collected, an aliquot was saved for analysis, and 
the remainder was centrifuged at 50,000 x gat 0°. The sediment obtained 
in the second centrifugation (microsomes) was suspended in one-fourth the | 
original volume of 0.25 M sucrose. Only a trace of activity was found in 
the unwashed particles, whereas all of the activity of the original extract 
was found in the final supernatant fluid. 3-Hydroxyanthranilic oxidase 
has a similar distribution. Therefore in the assay of picolinic carboxylase 
the microsome fraction was studied in the presence of added oxidase od! 
rat liver acetone powder, which provided the intermediate substrate for! 
the carboxylase. The changes in the level of picolinic carboxylase ar| 
thus seen to be restricted to the soluble fraction of liver protein. This is in| 
contrast to the similar changes reported for glucose-6-phosphatase, which | 
occur in microsomes (2). 





DISCUSSION 


The experiments reported in this paper indicate that several factor 
are involved in determining the levels of enzymes in the liver. Cortisoneor 
similar steroids cause both picolinic carboxylase and tryptophan peroxidase 
to increase many fold, but there are many differences in the responses of 
the two systems to the hormone. The changes in tryptophan peroxidase 


are complete within a few hours, whereas several days are required for} 


the changes in picolinic carboxylase. The increase in tryptophan perox: 
dase can be produced equally in normal, diabetic, hypophysectomized, ot 
adrenalectomized animals, whereas only modest increases in_picolinit 
carboxylase are produced in normal or adrenalectomized animals give 
cortisone, compared with the large changes produced in adrenalectomized 





diabetic or hypophysectomized animals. These findings do not imply} 
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that the tryptophan peroxidase system is a more sensitive indicator of the 


DS On ‘e : : A riage epee 
vever hormonal activity, since diabetes alone causes a great increase in picolinic 
wn in carboxylase, with only a small increase in tryptophan peroxidase. . 
mah It is not known whether either hormone, insulin or cortisone, produces its 
0 ep. | CHlect through direct action on the liver. Since the changes are produced 
doses slowly, there is time for many indirect actions to occur. It is apparent, 


d the however, that, in addition to its effect in stimulating protein breakdown, 
came cortisone causes an increase of certain enzyme activities: tryptophan 
twen peroxidase, picolinic carboxylase, and glucose-6-phosphatase. These 
od by changes occur at different rates and in different cell constituents (soluble 
"| proteins and microsomes). The effect of insulin in countering the influence 
of cortisone can be seen with only two of the three enzymes assayed, and 





“— in the case of picolinic carboxylase it does not seem to be related to changes 

n 0.35 in blood sugar. Although the mechanism by which insulin affects liver 
The) enzymes has not been established, the lack of correlation between elevated 

:, and blood sugar and picolinic carboxylase increase suggests that the control 

tele of liver enzyme levels is a separate function of insulin. 

th the | : . 9 , 

nit We wish to acknowledge the technical assistance of Mrs. Catherine J. 

ate Rhodes and Mr. William H. Mills. 

xidase SUMMARY 

xylase | , ee , , : : 

eenil The increase in picolinic carboxylase in the livers of diabetic rats depends 

‘te for) UPOm the presence of cortisone or related adrenal hormones. Cortisone 

ne are| administration to diabetic adrenalectomized or hypophysectomized rats 

‘sisin, Causes the enzyme to increase for several days, but has much less influence 


which | in normal animals. Evidence is presented for at least two hormonal fac- 
tors that influence the levels of liver enzymes. 
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ENZYMATIC FORMATION OF URIDINE DIPHOSPHATE 
GLUCOSE WITH PREPARATIONS 
FROM IMPATIENS HOLSTII* 


By N. C. GANGULIt 


(From the Department of Agricultural Biochemistry, College of Agriculture, 
University of California, Berkeley, California) 


(Received for publication, November 19, 1957) 


Recent investigations have revealed that uridine diphosphate glucose 
is an important intermediate in carbohydrate metabolism of various living 
cells (1). Its presence has been reported in microorganisms (2) and in 
animal (3) and plant tissues (4). Evidence for the reversible formation 
of UDPG! and PP from UTP and G-1-P by pyrophosphorylase present in 
glucose-6-phosphate dehydrogenase preparations was first presented by 
Munch-Petersen ef al. (5). Later, a pyrophosphorylase capable of catalyz- 


| ing the formation of UDPG from the same substrates was also found by 


' 


| 


several others in sugar beet leaf (6), in mung beans and in a number of 
other higher plants (7), and in animal tissues (3). Berg and Joklik (8) 
showed the reversible synthesis of UTP plus ADP from ATP plus UDP by 
an enzyme, nucleoside diphosphate kinase (“‘nudiki”), found in muscle and 
yeast. 

The present paper is concerned with conditions affecting the enzymatic 
formation of UDPG with homogenates from the plant Impatiens holstii. 
By using G-1-P containing uniformly labeled p-glucose-C“ and UTP as 
substrates, UDPG-C™ could be readily obtained. 


Materials and Methods 


Radioactive Sugars and Nucleotides—The uniformly labeled p-glucose with 
C* (specific activity, 30 ue. per mg.) was prepared photosynthetically 
by Dr. Putman in this laboratory by methods previously described (9, 10). 
The p-glucose-C“ 1-phosphate (specific activity, 0.5 uc. per mg.) was 


* This investigation was supported in part by a research grant (No. A-1418) from 
the National Institutes of Health, United States Public Health Service, and by a 
research contract with the United States Atomic Energy Commission. 

t Fellow under the India Wheat Loan Educational Exchange Program from the 
University of Calcutta, Calcutta, India. 

'The following abbreviations are used: UDPG = uridine diphosphate glucose; 
PP = pyrophosphate; UTP = uridine triphosphate; UDP = uridine diphosphate; 
UMP = uridine monophosphate; ATP = adenosine triphosphate; ADP = adenosine 
diphosphate; AMP = adenosine monophosphate; G-1-P = a-p-glucose 1-phosphate; 


DPN = diphosphopyridine nucleotide; Tris = tris(hydroxymethyl)aminomethane. 
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prepared from biosynthetic sucrose uniformly labeled with C™ by th 
method of phosphorolysis by the same worker (11). UTP, UDP, UMp 
UDPG, ATP, ADP, AMP, DPN, and UDPG dehydrogenase were py. 
chased from the Sigma Chemical Company. G-1-P was prepared according 
to McCready and Hassid (12). 

Preparation of Plant Leaf Homogenate—The I. holstii plant was chose 
for this study because it is an efficient sucrose producer. It exudes , 
considerable quantity of sucrose which appears at the edges of the leave | 
and leaf petioles as large crystals. Since UDPG is known to be a pref 
cursor in the synthesis of sucrose (13), it was anticipated that this plant! 
possesses an efficient enzymatic mechanism for the formation of this 
nucleotide which serves as a substrate for the subsequent formation ¢ 
sucrose. 

The leaf homogenate was prepared as follows: Leaf blades weighing 
between 0.8 and 1.0 gm. were washed in cold tap water, wrapped in aluni- 
num foil, and dipped for 1 minute in a dry ice-acetone mixture. The les 
blades were then unwrapped and macerated in the presence of 0.1 m Tri 
buffer, pH 7.5, with a volume of buffer calculated to contain 500 mg. d 
leaf material per 1 ml. of homogenate. 

Procedure of Incubation—The reaction mixture in the various exper: 
ments consisted of 1.0 umole of G-1-P, 0.5 we. of uniformly labeled p. 
glucose-C" 1-phosphate, 1.0 umole of UTP, and 0.2 ml. of leaf homogenate 
(containing 100 mg. of leaf material) in a total volume of 0.3 ml. of 0.14] 
Tris buffer, pH 7.5. In the event KF was required to inactivate the phos} 
phatases, 1 umole of this salt was added. Incubation was carried out for | 
a period of 30 minutes. The reaction was stopped by the addition of 25) 
ml. of 80 per cent ethanol and subsequent heating in a water bath at 100} 
for 1 minute. The mixture was then centrifuged, the supernatant liquid} 
was collected, and, after washing the residue with 1 ml. of 80 per cent| 
ethanol and subsequent centrifugation, the washings were combined with 
the supernatant liquid. The whole ethanol extract was evaporated to 
dryness in a vacuum desiccator over KOH. The dried residue was then | 
dissolved in 0.015 ml. of water and subjected to paper electrophoresis for | 
the separation of the uridine nucleotides. 

Paper Electrophoresis—The nucleotides were separated by paper electro- 
phoresis (4), in which an apparatus similar to that described by Crestfiel | 
and Allen (14), with Whatman No. 1 acid-washed filter paper with formate 
buffer of pH 3.5 and 0.1 ionic strength, was employed. Picrie acid was 
used as a visible reference compound and caffein as an indicator of electro- 
osmosis. Phosphoric acid ester spots were detected with the molybdate 
spray reagent used by Bandurski and Axelrod (15). The nucleotides wer 
located on the paper by ultraviolet radiation contact printing (16). The 











separa 
and ar 
Pap 
moniu 
by pa 
same 


separa 
solven 
Ura 
both ¢ 
accord 
the D- 
pound 
The 
(a) by 
in the 
and es 
reactic 
the co! 
Qua 
violet 
(22). 
Esti 
No. 1 
Geiger 
Unl 
as me 
paper 
separa 
14 X 
expost 
with 4 


Syn 
ineubs 
reactic 
subjec 
they 
termit 
electrc 
obtain 








y the 
UMP, 
> pur 
ording 


hosen 
ides 4 
leaves | 
a pre | 
- plant | 
yf this 


ion of 


ighing 
alumi- 
he leai 
M Tre 
mg. df} 


exper- 
eled p- 
zenate | 
f Olu) 
e phos- | 
out for} 
\ of 25) 
at 100°} 
; liquid | 
er cent | 


xd with 





ated to | 


as then | 


esis for | 


electro | 
-estfield | 


formate 
cid was 
electro- 
lybdate 
es wert 


). The 








N. C. GANGULI 339 


separated nucleotides were eluted from the electrophoretogram with water 
and analyzed. 

Paper Chromatography—Whatman No. 1 filter paper and ethanol-am- 
monium acetate solvent were used for the separation of the nucleotides 
by paper chromatography (17). The nucleotides were detected by the 
same method as that used in paper electrophoresis. The sugars were 
separated after hydrolysis, with n-propanol-ethyl acetate-water (7:1:2) as 
solvent (18), and detected by alkaline silver nitrate (19). 

Uridine Diphosphate Glucose Assay—This nucleotide was identified by 
both chemical and enzymatic methods. Chemical identification was made 
according to the method of Caputto et al. (20), from the appearance of 
the p-glucose, phosphorus, and uridine after acid hydrolysis of the com- 
pound. The p-glucose was also assayed for C™ activity. 

The enzymatic assay was carried out by means of two different reactions: 
(a) by the pyrophosphorylase reaction, by use of the unknown compound 
in the presence of pyrophosphate and mung bean enzyme preparation (6), 
and estimation of the UTP formed, and (b) by the UDPG dehydrogenase 
reaction in which the reduction of DPN was measured in the presence of 
the compound in question in a Beckman spectrophotometer at 340 my (21). 

Quantitative estimation of UDPG was done by determining the ultra- 
violet absorption at 262 my by using a molar extinction coefficient of 9820 
(22). 

Estimation of C™ Activity—Samples were counted directly on Whatman 
No. 1 filter paper with a Tracerlab rate meter (SU-3A) supplied with a 
Geiger tube, as previously described (23). 

Unless otherwise stated the radioactivity measurements were expressed 
as mean values of duplicate samples. After subjecting the samples to 
paper electrophoresis or paper chromatography, radioautographs of the 
separated compounds were made by placing the papers in contact with 
14 X 17 inch Eastman medical ‘‘no-screen” x-ray films. The standard 
exposure period was arbitrarily fixed to a period of 4 days for a sample 
with 4000 ¢.p.m. 


Results 


Synthesis of Uridine Diphosphate Glucose-C'\—Leaf homogenate was 
incubated in the presence of UTP and p-glucose-C™ 1-phosphate. The 
reaction mixture was extracted with ethanol, evaporatored to dryness, and 
subjected to electrophoresis. After separation of the uridine derivatives, 
they were detected by ultraviolet absorption, by their C™ activity de- 
termined with a Geiger counter, and by radioautography of the paper 
electrophoretograms. The ultraviolet prints and the radioautographs 
obtained from the paper electrophoretograms were then superimposed on 
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each other in order to detect the location of the synthesized UDPG an 
the incorporation of C activity. 

The results in Table I show that the leaf homogenate is capable of 
synthesizing UDPG from G-1-P and UTP. Within 30 minutes of incuh. 
tion 45 per cent of the total activity was found in the UDPG. On starting 
with 1.0 umole each of G-1-P and UTP, 0.41 umole of UDPG was forme, 
The prints resulting from the ultraviolet radiation of the electrophoreto. 


TABLE I 
Biosynthesis of UDPG with I. holstii Leaf Homogenate 
See the text under ‘‘Procedure of incubation.”’ 





| Per cent distribution of C™ activity | 








Substrates ~ -| UDPG* 
| G*1-P | UDPG* | p-Glucose* 
7 a pmole 
G*-1-P. fea ee 70 | 0 
a + UTP.. } 35 0.41 








* Indicates radioactive matedal. 


TaBLeE II 
Effect of Fluoride on Formation of UDPG 


For substrates and amounts in the reaction mixture, see the text under “Proce 
dure of incubation.’ sas 











| 
Per cent distribution of C™ activity 





Substrates icnennnasennninenteiii —__—_________— UDPG* 

G*-1-P | UDPG* | p-Glucose 
ay em Tr | ~~ tes ae ae 
MiP eReiccnu ya 7, @ 4°s8 0.42 
gk ME RR os, 35 | 46 19 0.46 


. Indie when sr sdlenati tive m: witeatal. 








grams also showed formation of UDP and UMP within this period d 
incubation, indicating that the homogenate preparation contained pho- 
phatase, which was responsible for the considerable degradation of UTP. 

Effect of Fluortde—Since it has been shown that during the formation d 


UDPG from G-1-P and UTP by leaf homogenate part of the UTP | 


degraded to UDP and UMP, fluoride, known to be an effective phospha 
tase inhibitor, was added to the reaction mixture with the expectation 
that the UDPG yield would be increased. The results in Table II show: 
significant increase in UDPG when potassium fluoride was added. Unde 
these conditions a decrease in formation of UDP and UMP from UT? 
has been observed. 
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Effect of Magnesitum—lIt has been previously reported that magnesium 
has a stimulating effect on the UDPG pyrophosphorylase reaction (7). 
The results of Mg** addition to the reaction mixture are presented in Table 
Il. 

Magnesium was found to have an effect of stimulating the synthesis 
of UDPG. A concentration of 0.1 umole of MgCl, enhanced the synthesis 
of UDPG from 0.45 to 0.49 umole. 

Period of Incubation—The optimal conditions for synthesis of UDPG 
with plant homogenate preparations with regard to time were determined 
by carrying out the reactions at different periods of time, ranging from 5 
minutes to 4 hours. 

The data in Table IV indicate that the synthesis of UDPG gradually 


Tas.e III 
Effect of Magnesium on Synthesis of UDPG 


For substrates and their concentrations in the reaction mixture, see the text un- 
der ‘Procedure of incubation.” 




















Per cent distribution of C% activity 
Substrates UDPG* 
G*-1-P UDPG* | p-Glucose* 
pmole 
NINE 46.5 ce ens de Aeneas oy ah 32 44 24 0.45 
“ + “ + 0.1 pmole MgCl;...... 30 50 20 0.49 
_ -— - sean Pr, teu ees 28 52 20 0.49 
oe, a vas 29 50 21 0.49 








* Indicates radioactive material. 


increases with time, reaching a maximum at the end of the Ist hour. 
Subsequently, a breakdown of UDPG takes place, as evidenced from the 
appearance of UMP and uridine, and from the decrease in radioactivity of 
this sugar nucleotide. After 1 hour, the C“ in G-1-P did not decrease 
significantly, whereas there was a considerable decrease in the activity 
of UDPG and a corresponding increase in the activity of p-glucose, indi- 
cating a degradation of UDPG. Thus, the maximal yield of UDPG under 
these conditions occurs after 1 hour of incubation. 

Specificity of UDPG Pyrophosphorylase—The specificity of UDPG pyro- 
phosphorylase of the J. holstit was tested with regard to a number of sub- 
strates. 

The results in Table V show that UDPG is formed by the homogenate 
from G-1-P in the presence of either a mixture of UDP and ATP or UTP 
alone. Approximately 80 per cent of radioactivity was found in UDPG 
when UTP was used. From a mixture of UDP and ATP the conversion to 
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UDPG was 75 per cent. 


TaBLeE IV 


Formation of UDPG after Various Periods of Incubation 


For substrates and their concentrations in the reaction mixture, see the text yp. 
der ‘‘Procedure of incubation.’”’ 










Period of incubation 


Per cent distribution of C™ activity 


ATP, a mixture of UDP and ADP, or Upp 
alone could not be substituted for UTP for the formation of UDPG 
Neither could free p-glucose be substituted for G-1-P for the formatio, 
of the sugar nucleotide. 
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Specificity of UDPG Pyrophosphorylase 








G*-1-P UDPG* p-Glucose* UDPG* UMP Uridine 
min. ( pmole umole umole 
5 99.0 0.5 0.5 Trace 0 0 
30 30.0 48 2.0 0.46 0 0 
60 18.0 80 2.0 0.80 0 0 
120 7.8 75 i7.3 0.70 0.12 0 
180 6.0 50 44.0 0.46 0.23 0.12 
240 4.5 35 60.0 0.34 0.21 0.4 | 
* Indicates radioactive material. 
TABLE V 





The reaction mixture contained a mixture of 0.2 umole of MgCl, and 0.2 ml. of! 
leaf homogenate (100 mg. of tissue material), to which 1 umole quantities of variou | 
substrates were added, in a total volume of 0.3 ml. of 0.1 m Tris buffer, pH 7.5. After | 
a 60 minute period of incubation, the reaction was stopped, and the components wer | 
separated and assayed. 








































* Indicates radioactive material. 





Per cent C™ activity of reaction | 
Substrates } el ph — 
G*-1-P |p-Glucose*| UDPG 
pmole umole 
G*-1-P.. 0 0 82.0 18.0 0 
” + UTP... isseicdéiecsecd a Cae oe 2.0 | 80.0 
ag + UDP +ATP............... 0.70 0 22.5 2.5 75.0 
~ Xk OO ee ere a 0 90.5 9.5 0 
- a Gee + BOP .. .35s.cccscasst 8 0 85.5 12.5 0 
- eT A See 0 95.5 4.5 0 
sp 0 Ae a 0 85.5 14.5 0 
- ow oe Loe 0 94.0 6.0 0 
UTP.. 0 0.05 0 eS i 
Glucose* “+ UTP. ee ieee. ot 0.04 0 100 0 
. + ATP + ‘UTP. 0 0.02 0 100 0 
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Reversibility of Pyrophosphorylase Reaction—The reversibility of this 
reaction was observed when a mixture of 1 umole of UDPG, 1 umole of PP, 
j umole of KF, and 0.2 umole of MgCl, was incubated for 30 minutes with 
0.2 ml. of leaf homogenate. After chromatographing the mixture, a new 
ultraviolet-absorbing spot was formed on the paper having an electro- 
phoretic mobility equal to that of authentic UTP. When the spot was 
eluted from the paper and incubated with G-1-P and DPN in the presence 
of mung bean pyrophosphorylase (7) and UDPG dehydrogenase (21), 
by the method of Kalckar and Anderson (24), a reduction of DPN was 
observed at 340 my in a Beckman spectrophotometer. This confirms the 
fact that the ultraviolet-absorbing compound was UTP. 

Isolation of Radioactive Uridine Diphosphate Glucose on Preparative 
Scale—With the availability of p-glucose-C™ 1-phosphate and UTP it was 
possible to prepare C'*-labeled UDPG. The procedure adapted for prepa- 
ration of this sugar nucleotide was as follows: A mixture consisting of 13 
umoles of G-1-P and 5 ue. of p-glucose-C“ 1-phosphate, 12 umoles of UTP, 
12 umoles of MgCl, and 1 ml. of leaf homogenate in a volume of 15 ml. 
of 0.1 m Tris buffer, pH 7.5, was incubated for 1 hour. The reaction 
was stopped by the addition of 10 ml. of 95 per cent ethanol and subse- 
quent heating of the mixture in a water bath to boiling. The precipitated 
protein was then centrifuged, the residue was washed twice with 2 ml. 
portions of 85 per cent ethanol, and the washings were combined with 
the original supernatant ethanolic extract. The combined extract was 
evaporated to dryness in a vacuum desiccator over potassium hydroxide, 
and the residue was taken up in 0.5 ml. of water. 

The uridine compounds and the unchanged G-1-P in the extract were 
separated as follows: The solution (0.5 ml.) was applied on ten different 
filter papers, 0.05 ml. on each as a band, and subjected to paper electro- 
phoresis in formate buffer, pH 3.5, at 750 volts. After 3 hours the paper 
bands corresponding to UDPG were cut out and eluted with water (25). 
The combined water eluate was then analyzed for C™ activity and for 
uridine content. 

The analysis showed the formation of 7.5 umoles of UDPG containing 
3.5 ue. of C™ activity. The compound had a characteristic spectrum of 
a uridine nucleotide (Emex at 262 my in 0.1 N HCl, Eos0/E2x0 = 0.77, 
Ex0/Ex0 = 0.34). After hydrolysis with 0.01 n HCl for 5 minutes and 
subsequent paper chromatographic analysis in ethanol-ammonium acetate, 
a radioactive glucose spot and inactive UDP were produced. 

Evidence for Presence of Nucleotide Diphosphate Kinase in Leaf Homogen- 
ate—The I. holstii was tested for its ability to form UTP from ATP and 
UDP with the results presented in Table VI. 

The data show that when a mixture of 1 umole each of ATP and UDP 
was incubated in the presence of leaf homogenate, 0.45 umole of UTP was 

















344 URIDINE DIPHOSPHATE GLUCOSE 


formed, indicating that the homogenate contains nucleotide diphosphat. 
kinase. This enzyme, capable of catalyzing the reaction ATP + UDP= 
ADP + UTP, was previously found in muscle and yeast (8). 

Since in addition to pyrophosphorylase the homogenate contains nucleo. 
side diphosphate kinase, it would be expected that a mixture of ATP an 
UDP could be substituted for UTP in the reaction with G-1-P for the 
formation of UDPG. Data showing that UDPG is actually formed fron 
these substrates are presented in Table VII. 




















TaBLe VI 
Synthesis of UTP from ATP and UDP by Leaf Homogenate 
Substrates present (1 umole each) | ATP disappeared UDP disappeared UTP formed 
pda eer a enh umole umole 
SR Se eee ee 0 0.25 0 
SS ea 0.5 0.5 0.45 
” i ae. 0 0.20 0 
“« + OP............] 0 0.22 0 
UMP + AEP. ...........| 0.20 0 0 
TaBLe VII 


Synthesis of UDPG from G-1-P, UDP, and ATP by Leaf Homogenate 


























Per cent radioactivity 
Substrates present (1 wmole each) UDPG formed | — 
G-1-P p-Glucose UDPG 
iis : : pmole i 
SURES ee ene ee ae 0 80.0 15.0 0 
a ok. ee eee 0 82.0 16.0 0 
= ae |. | ne 0.72 25.0 3.0 70.0 
" ee ee tii dk 0 78.0 18.5 0 
. + Ue + ADP ioc... 0 78.5 18.0 0 





SUMMARY 


Homogenates from the plant Jmpatiens holstii contain a pyrophosphory- 
lase capable of catalyzing the reversible formation of uridine diphosphate 
glucose and inorganic pyrophosphate from uridine triphosphate ani 
a-D-glucose 1-phosphate. Mg++ ion was found to stimulate synthesis d 
the sugar nucleotide. 

By using a-p-glucose-C" 1-phosphate in the pyrophosphorylase reaction 
uridine diphosphate glucose-C“ was prepared. 

The plant homogenate also contains the enzyme, nucleotide diphosphate 
kinase, capable of catalyzing the reversible formation of uridine triphos 
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hate phate plus adenosine diphosphate from uridine diphosphate plus adenosine 
P= triphosphate. 
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STEROL METABOLISM 


I. THE OCCURRENCE OF DESMOSTEROL (24-DEHYDROCHOLESTEROL) 
IN RAT SKIN AND ITS CONVERSION 
IN VIVO TO CHOLESTEROL* 


By WILLIAM M. STOKES, FREDERICK C. HICKEY, O. P., 
AND WILLIAM A. FISH 


(From the Medical Research Laboratory, Providence College, 
Providence, Rhode Island) 


(Received for publication, November 11, 1957) 


During an investigation carried out in this laboratory, a new sterol, 
desmosterol, was isolated from the sterol mixture of the chick embryo by 
chromatography of the I-labeled steryl p-iodobenzoates (1). When 
acetate-1-C'* was injected into fertilized eggs and the embryos were har- 
vested 16 hours later, desmosterol was the principal high counting compan- 
ion of cholesterol. 

This paper describes the isolation of desmosterol from the sterol mixture 
of rat skin, in which it constitutes 5 to 8 per cent of the total sterol and is 
accompanied by at least two unidentified minor sterols. Data are also 
presented confirming our previous conclusions that desmosterol is 24- 
dehydrocholesterol (A*: *4-cholestadien-36-ol) and that it is efficiently con- 
verted to cholesterol in vivo by rat liver. 


Methods 


The sterol fractions of crude non-saponifiable extracts were isolated by 
precipitating them as digitonides (2), which were then cleaved to permit 
recovery of the sterol. Large digitonide fractions were cleaved by Berg- 
mann’s method (3) and smaller ones by the procedure of Schoenheimer and 
Dam (4). After cleavage, the sterol was recovered from the ether solution 
under nitrogen. 

The preparation of I'*!-labeled p-iodobenzoy] chloride, the esterification 
of the sterols, and the preparation of the columns and solvent have been 
described elsewhere (1, 5, 6). The plot obtained by mechanically scanning 
the column with a scintillation counter and automatically recording the 


* This work was supported by the Jane Coffin Childs Memorial Fund for Medical 
Research, by a research grant, No. C-2851(R) Bio, from the National Cancer Insti- 
tute, National Institutes of Health, Public Health Service, and by the Rhode Island 
Division of the American Cancer Society. Part of this work was presented before 
the Division of Biological Chemistry at the 132nd meeting of the American Chemical 
Society, New York, September, 1957. 
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distribution of activity along its length disclosed the presence and location 
of zones as activity peaks. When the activity bands were of approximately 
the same size, their areas corresponded to the amount of activity con. 
tained in them, but, when they were of different orders of magnitude, this 
relationship was not exact. A more precise determination was obtained 
by sectioning the developed and dried column into its various zones and 
counting them at a fixed distance from a scintillation counter. 

The material in each section was packed into a small column, and the 
steryl esters were eluted with benzene. Unless otherwise specified, the 
recoveries of activity were in excess of 97 per cent. The benzene was then 
removed under nitrogen, and the esters were recrystallized, after which the 
radioequivalent weight was sometimes determined (7). The esters were 
hydrolyzed by the method of Idler and Baumann (8). Whenever weights 
of fractions are reported the material was dried in vacuo at 60°. Unless 
otherwise specified, melting points are corrected micromelting points taken 
on the Kofler microhot stage. Ranges are given when the sample melted 
unsharply or underwent polymorphic transformation during the melting 
process. Infrared samples were prepared as ? inch KBr disks weighing 
approximately 1 gm. and containing approximately 5 mg. of sample. The 
spectrograms were obtained on a model 21 Perkin-Elmer recording spec- 
trophotometer with a NaCl prism. Elementary analyses were made by 
the Schwarzkopf Microanalytical Laboratory, Woodside, New York. 
C* counts were made as previously described (9). 


Results 
Exploratory Chromatography of Rat Skin Steryl p-Iodobenzoates—Pre- 


TREES SAaKyY CNT? 


vere 





liminary experiments in the chromatography of rat skin steryl esters dem- | 


onstrated the presence of several components, a situation reported by other 
investigators (8, 10, 11). Since the efficiency of separation is dependent 
on load, solvent quality, and other factors, there results some variability 
in resolution among the chromatograms. A recent chromatogram in which 
the major components are clearly resolved is shown in Fig. 1. In Chro- 
matogram I the main peak D is the cholesteryl ester, shoulder E is probably 
the cholestanyl ester, the bimodal peak B-C contains A’-cholesteny] ester 
and an unidentified component, while the slow moving zone A behaves like 
the desmosteryl ester zone observed during chromatography of the p- 


iodobenzoates of the sterols of chick embryos. Additional information can | 


sometimes be obtained by amplification of the recorder trace. Chromato- 
gram II of Fig. 1 illustrates the upper part of the same column, indicating 
a very minor unidentified zone, a, between A and B. 

The preparative isolation of these minor components required larger 
quantities of crude sterol and an initial enrichment procedure, which is 
described below. 
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Preparation of Sterol for Large Scale Chromatography—Male rats of the 
Wistar strain, weighing approximately 450 gm. each, were skinned in such 
a way that the skin of the tail, feet, and perineum was excluded from the 
sample. The fresh skins (with hair) of 201 rats weighed 14.67 kilos. 
The skins were pooled in lots of about 1.25 kilos and hydrolyzed by adding 
0.9 kilo of KOH, 1.2 liters of 95 per cent ethanol, and 0.35 liter of water 
and refluxing the mixture on the steam bath under nitrogen for 2 hours. 


B 
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Fie. 1. Two scans of a chromatogram of the p-iodobenzoates from 19.5 mg. of 
rat skin sterol, chromatographed on a 1.6 X 78 cm. column for 140 hours. Chro- 
matogram I was made at the usual amplification; Chromatogram II at a higher ampli- 
fication, showing a very minor zone, a. 


The hydrolysate, in 800 ml. portions, was diluted with 400 ml. of water 
and extracted with 400 ml. of ethyl ether. The lower phase (B) was set 
aside, and the brown upper phase was washed with 500 ml. of water to 
yield a yellow-brown upper phase (A) and a brown lower phase (C) which 
were also reserved. The pooled B phase was again extracted in 1.5 liter 
portions with 0.25 liter of ether, and the same treatment was given to the 
pooled C phase. All the upper phase (ethereal) extracts were then pooled 
in 1.5 liter portions and washed with small portions of water until the wash- 
ings were colorless. The clear yellow ethereal solution was dried over 








348 STEROL METABOLISM. I 

distribution of activity along its length disclosed the presence and location 
of zones as activity peaks. When the activity bands were of approximately 
the same size, their areas corresponded to the amount of activity con- 
tained in them, but, when they were of different orders of magnitude, this 
relationship was not exact. A more precise determination was obtained 
by sectioning the developed and dried column into its various zones and 
counting them at a fixed distance from a scintillation counter. 

The material in each section was packed into a small column, and the 
steryl esters were eluted with benzene. Unless otherwise specified, the 
recoveries of activity were in excess of 97 per cent. The benzene was then 
removed under nitrogen, and the esters were recrystallized, after which the 
radioequivalent weight was sometimes determined (7). The esters were 
hydrolyzed by the method of Idler and Baumann (8). Whenever weights 
of fractions are reported the material was dried in vacuo at 60°. Unless 
otherwise specified, melting points are corrected micromelting points taken 
on the Kofler microhot stage. Ranges are given when the sample melted 
unsharply or underwent polymorphic transformation during the melting 
process. Infrared samples were prepared as ? inch KBr disks weighing 
approximately 1 gm. and containing approximately 5 mg. of sample. The 
spectrograms were obtained on a model 21 Perkin-Elmer recording spec- 
trophotometer with a NaCl prism. Elementary analyses were made by 
the Schwarzkopf Microanalytical Laboratory, Woodside, New York. 
C™ counts were made as previously described (9). 


Results 


Exploratory Chromatography of Rat Skin Steryl p-Iodobenzoates—Pre- 
liminary experiments in the chromatography of rat skin steryl esters dem- 
onstrated the presence of several components, a situation reported by other 
investigators (8, 10, 11). Since the efficiency of separation is dependent 
on load, solvent quality, and other factors, there results some variability 
in resolution among the chromatograms. A recent chromatogram in which 
the major components are clearly resolved is shown in Fig. 1. In Chro- 
matogram I the main peak D is the cholesteryl ester, shoulder E is probably 
the cholestanyl ester, the bimodal peak B-C contains A’-cholesteny] ester 
and an unidentified component, while the slow moving zone A behaves like 
the desmosteryl ester zone observed during chromatography of the p- 
iodobenzoates of the sterols of chick embryos. Additional information can 


sometimes be obtained by amplification of the recorder trace. Chromato- | 


gram II of Fig. 1 illustrates the upper part of the same column, indicating 
a very minor unidentified zone, a, between A and B. 

The preparative isolation of these minor components required larger 
quantities of crude sterol and an initial enrichment procedure, which is 
described below. 
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Preparation of Sterol for Large Scale Chromatography—Male rats of the 
Wistar strain, weighing approximately 450 gm. each, were skinned in such 
a way that the skin of the tail, feet, and perineum was excluded from the 
sample. The fresh skins (with hair) of 201 rats weighed 14.67 kilos. 
The skins were pooled in lots of about 1.25 kilos and hydrolyzed by adding 
0.9 kilo of KOH, 1.2 liters of 95 per cent ethanol, and 0.35 liter of water 
and refluxing the mixture on the steam bath under nitrogen for 2 hours. 
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Fig. 1. Two scans of a chromatogram of the p-iodobenzoates from 19.5 mg. of 
rat skin sterol, chromatographed on a 1.6 X 78 cm. column for 140 hours. Chro- 
matogram I was made at the usual amplification; Chromatogram II at a higher ampli- 
fication, showing a very minor zone, a. 


The hydrolysate, in 800 ml. portions, was diluted with 400 ml. of water 
and extracted with 400 ml. of ethyl ether. The lower phase (B) was set 
aside, and the brown upper phase was washed with 500 ml. of water to 
yield a yellow-brown upper phase (A) and a brown lower phase (C) which 
were also reserved. The pooled B phase was again extracted in 1.5 liter 
portions with 0.25 liter of ether, and the same treatment was given to the 
pooled C phase. All the upper phase (ethereal) extracts were then pooled 
in 1.5 liter portions and washed with small portions of water until the wash- 
ings were colorless. The clear yellow ethereal solution was dried over 
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sodium sulfate, and the ether was removed to yield 65.0 gm. of a yellow- 
brown wax. 

The wax was dissolved in hot 90 per cent ethanol and filtered from a 
small residue. ‘The filtrate was made up to 2 liters in warm 90 per cent 
ethanol, and a 0.05 aliquot was removed and converted to the digitonide 
which weighed 6.4336 gm., corresponding to a total sterol content of 32.168 
gm. in the non-saponifiable fraction. 

The 0.05 aliquot was cleaved to give 1.41576 gm. of sterol. A quantity 
of 0.70738 gm. was esterified with p-iodobenzoy] chloride-I", the excess 
acid chloride was decomposed with water, the ester was extracted twice 
with benzene, and the pooled benzene extract was made up to 100 ml. 
Since it was anticipated that most of the cholesteryl ester would have left 
the column before resolution of the minor components had occurred, a 
0.1 aliquot was used as a standard. The two portions were dried and 
weighed. The weight of the dried 0.1 aliquot was 0.11744 gm.; that of the 
0.9 aliquot was 1.05679 gm. The 0.9 aliquot was chromatographed on a 
2.2 X 83 cm. column. The 0.1 aliquot was chromatographed simultane- 
ously on another similar column until a well defined zone was apparent, 
and this was used as a standard for estimating the activity content of the 
zones of the larger sample. The main column was developed until the 
A’-cholestenyl zone and the desmosteryl zone were clearly defined. It was 
estimated from the areas that the A’-cholestenyl zone contained 26 per cent 
and the desmosteryl zone 8.7 per cent of the activity. 

In order to enrich the mixture in minor components the remaining 0.95 
of the non-saponifiable fraction was recrystallized from 2.5 liters of 80 per 
cent ethanol. After the mixture had stood overnight at 0°, the voluminous 
light tan solid (I) was filtered, and the filter cake was washed with 50 ml. 
of 80 per cent ethanol. The filtrate and washings were pooled to form 
mother liquor (1). The pasty filter cake (I) was dissolved in 250 ml. of 
95 per cent ethanol and set aside overnight at room temperature. The 
crop of crystals (II) was filtered, and the filter cake was washed with 50 
ml. of 95 per cent ethanol. The pasty crystals (II), recrystallized and 
washed as above, yielded crystals (III) weighing 18.393 gm. Attempts to 
process further fractions were abandoned when it was discovered that the 
rat skin sterol mixture became increasingly sensitive to air oxidation and 
the preparations decomposed rapidly during handling. This can be attrib- 
uted to the loss of natural antioxidants during recrystallization. 


Initial Large Scale Chromatography—The sterol contents of the three | 


enriched mother liquors were first estimated by preparing and weighing the 
digitonides of small aliquots, and the total sterol of the three mother liquors 
was then converted to the digitonides. The digitonides were cleaved, and 
the regenerated sterol fractions were esterified in 2 to 2.6 gm. batches with 
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a 10 per cent excess of p-iodobenzoy] chloride-I™ and 3 ml. of dry pyridine. 
The yields in the various steps are presented in Table I. 

The esters were chromatographed in six batches on 2.2 XK 80 cm. col- 
umns. At the end of 78 to 80 hours the cholesteryl ester and part of the 
A’-cholestenyl ester zone had left the column. The trailing edge of the 
zone containing the A’-cholestenyl ester, Fraction A, was cut from the col- 
umn and likewise the zone which contained desmostery] ester, Fraction B. 
The yields appear in Table I. The total weight of the pooled Fraction A 
esters was 1.64028 gm. 

Rechromatography of Fraction A—The trailing portion of the A’-choles- 
tenyl ester zone, Fraction A, weighing 1.6403 gm., was hydrolyzed to 
yield 1.0076 gm. of sterol, which was esterified to yield 1.59736 gm. of ester 
and chromatographed on a 2.2 X 89.5 cm. column. There was an initial 
rapid passage of iodine activity into the eluate, amounting to 0.4 per cent 


TaBLeE I 
Yields of Crude Demosteryl Ester from Enriched Sterol Fractions 








sae | - | - 
—_ | aa. | en porn y we a , he a 
| | sterol | ester | ester 
| | 
i gm. | gm. | gm. | gm. | per cent 
1 16.969 | 4.164 6.769 0.7356 10.9 
2 19.820 | 4.737 7.424 | 0.7326 | 9.9 
3 | | | 8.8 


16.891 | 3.951 


| 0.5540 


of the total. The bulk of the material separated into a fast moving and a 
larger slow moving zone. After development for 104 hours, most of the 
fast moving zone had entered the effluent, while the slow moving zone had 
begun to resolve into at least two components. The column was then 
sectioned, the activity of each section was determined, and the material 
was eluted as shown in Table II. 

Rechromatography of Fraction B—The crude slow moving fraction (Frac- 
tion B above) was hydrolyzed to give 1.24560 gm. of sterol which were 
esterified to yield 1.90116 gm. of ester which were chromatographed on a 
2.2 X 82cm. column. At the same time the ester prepared from 0.19296 
gm. of purified cholesterol was chromatographed on another column, 1.3 X 
60 em., to serve as a standard. On having applied corrections for the 
activity remaining at the top of the column and for that not eluted by ben- 
zene, it was determined that the area of the cholesterol zone corresponded 
to 0.2879 gm., which served as a standard for estimating the material 
contained in the several zones of the larger column. 

The zones observed during development of the desmosteryl column are 





TaBie II 


Rechromatography of Rear Portion of Crude A’-Cholestenyl p-Iodobenzoate 
Zone (Fraction A) 
































° 
4 Per cent 
§ Pg oft ta pom ay Description 
2 from top activity 
mg. ~ a 
A-0 | 0-23.0 16.7 Activity adsorbed at top of column 
Recrystallization Crystal habit and melting behavior 

A-1 | 23.0-56.3) 28.3 |464.3 | 1 (ether-acetone)| Stubby needles disintegrating, 
173-178.5°, to melt with small 
crystals disappearing at 187° 

2 (methyl ethyl | Mixture of needles (m.p. as above) 
ketone) and large plates, m.p. 175-186° 

3 + 4 (methyl | Hexagonal plates (237.5 mg.), m.p. 
ethyl ketone) 182-187° 

5 (Skellysolve B) | Same as 4, A?-cholestenyl ester* 

A-2 | 56.3-67.3| 20.4 |317.8 | 1 (ether-acetone)| Crystal mixture 

2-4 (methyl ethyl) 186.0 mg. of plates, m.p. 184.5° 
ketone) (47-cholestenyl ester) 

A-3 | 67.3-83.0) 21.5 |331.1 | 1 (ether-acetone)| Stubby needles, melting between 
140-155°, transition 155-160° to 
melt containing fine needles dis- 
appearing at 165° 

2-4 (methyl ethyl) Fine needles (189.5 mg.), m.p. 163- 
ketone) 167° 
5 (Skellysolve B) | Same as 4+ 

A-4 | 83.0-89.0) 5.5 | 94.3 | 1-2 (acetone) 32.3 mg., m.p. 183° (to iridescent 
melt). Cholesteryl ester 

A-5 | Effluent | 7.3 1-2 - Plates (94.3 mg.), m.p. 184.5° (to 
iridescent melt). Cholesteryl 
ester 

A-6 | Forefrac-| 0.4 Passed through column rapidly 

tion 





* Hydrolysis gave A’-cholestenol needles from methanol, m.p. 121°, identified by 
infrared spectrum. 

t Hydrolysis gave plates from methanol, which turned to fine needles between 
126-128° with incipient melting, the needles persisting to 136°. After recrystalliza- 
tion from methanol and acetone-methanol, the plates turned to sheaves of needles 
between 124-127°. Between 127-128° the small needles melted while long capillary 
needles grew in the melt. These melted at 134°. A 1:1 mixture of cholesterol and 
A’-cholestenol recrystallized from methanol and acetone-methanol gave plates turn- 
ing to sheaves of fine needles between 126-129° and melting at 134°. The melting 
behaviors and sulfuric acid chromogen spectra (12) were very similar, although the 
rat skin material produced finer needles. The chromatogram evidenced a third 
component, not isolated, in this fraction. 

t Hydrolysis gave cholesterol plates from methanol, m.p. 150°, identified by in- 
frared spectrum. 
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shown in Table III. Development was terminated after 160.5 hours, by 
which time Zone VI and much of Zone V had run from the column and 














TaB.e III 
Rechromatography of Crude Desmosteryl p-Iodobenzoate (Fraction B) 
| | tivity, | Per 

Ee | Smo top” pe. tt Description 

| ester | eluted 
—- | -— as 
B-0 | 0-13.7 | | Zones I + II at top of column 
B-1 | 13.7-30.1 | 162.4) 15.7 *« III + IV, esters of slow moving companion 


of desmosterol and of desmosterol. Rechro- 
matography yielded a single zone (125.4 mg.), 
which after 3 recrystallizations (acetone) gave 
| an equivalent weight of 618.1 + 2.1. 3 more 
| recrystallizations gave 40.2 mg. of lamellate 
crystals, m.p. 153-158.5°, still heterogeneous 
B-2 | 30.1-43.8 | 247.5) 8.1 | Zone IV, upper portion, desmostery]l ester + some 
Zone III. 2 recrystallizations (acetone) gave 
160.7 mg., m.p. 138-156°, heterogeneous 

B-3 | 43.8-57.5 | 366.6 3.5 | Zone IV, middle portion, desmosteryl ester. 2 
| recrystallizations (acetone) gave 290.3 mg. of 
| foliated crystals, m.p. 166.5°, iridescent green 


or 





mesomorphic melt 
B-4 | 57.5-65.8 | 290.6; 2.0 | Zone IV, lower portion, desmosteryl ester. Re- 
| crystallized (acetone), 247.1 mg., m.p. 166.5°, 
| crystal habit and melting behavior like Fraction 
B-3 
B-5 | 65.8-81.2 | 247.2} 1.6 | Zone IV + V, desmosteryl ester + A’-cholesteryl 
| ester (?). Rechromatography gave 2 zones, 
the upper yielding 120.9 mg. 2 recrystalliza- 
tions (acetone) gave 86.1 mg., m.p. 166°, crystal 
habit and melting behavior like Fraction B-3 
B-6 | Effluent II 67.5) Zone V, A’-cholestenyl ester (?). Recrystalliza- 
(141-168 .5| | tion (acetone), fine needles, m.p. 152-159.5° 
hrs.) 
B-7 | Effluent I 31.9 Zones V + VI 
(117-141 
hrs.) 

















were collected as two effluent fractions. There was still some overlap be- 
tween Zones V and IV near the foot of the column, and Zone IV in turn 
overlapped Zone III. The dried column was sectioned as shown in Table 
III, and the activity in each fraction was estimated from the areas on the 
graph and from measurements of the activity made before a scintillation 
counter (see Table III). Zones I and II (Fraction 0) were not investigated 
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further, since previous work had shown that the major component was 

















tions 
p-iodobenzoic acid. The other fractions were eluted and dried. lizati 
Identification of Desmosterol (24-Dehydrocholesterol)—The similarity of eryst 
the melting points and melting behaviors of the steryl p-iodobenzoate eryst 
fractions isolated from Fractions B-3 to B-5 indicated that these fractions 121.8 
contained the same species, and the melting point of a portion was not raise 
raised by recrystallization from ethyl ether and Skellysolve C. The radic- tone. 
HO 
A 
A 
6 ties 
& 
c 
re) 
” 
2 
x 
& 
B 
rN 
s 1 4 l ‘ . s n rn 4 rn ST 1 i i a 
4000 3000 2000 1800 1600 1400 1200 1000 800 60000 
cm~! 
Fig. 2. Infrared spectra of desmosterol (24-dehydrocholesterol) from rat skin Fie 
(Graph A) and from chick embryo (Graph B). mp. $ 
(Grap! 
equivalent weight was 614.5 + 1.2. This value and the elementary analy- rotati 
sis agree with the empirical formula given below. of rat 
CssHu7O2I (614.63). Calculated. C 66.44, H 7.71, I 20.65 
Found. ** 66.30, ‘* 7.68, ‘* 20.81 
The melting point, melting behavior, equivalent weight, empirical for- AG 
mula, and chromatographic behavior of this ester agree with the corre- | oe , 
sponding properties of desmosteryl p-iodobenzoate isolated from chick <<, 
embryos. The mixed melting point of the rat skin steryl p-iodobenzoate Ph 
(m.p., corrected capillary, 164.5—166.5°, clearing at 207°) with chick embryo B 
desmosteryl p-iodobenzoate (m.p., corrected capillary, 164-166°, clearing 
at 210°) was 164-166°, corrected capillary, clearing at 209.5°. 
A 598.8 mg. quantity of the pooled ester, m.p. 166-166.5°, from Frac- | Thr 


XUM 
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was tions B-3 to B-5 was hydrolyzed to yield 362.5 mg. of sterol. One recrystal- 
lization from methanol at 0° gave 348.7 mg. of fine crystals which changed 
y of — crystal habit between 117.5-119.5° and melted at 120.5°. A second re- 
oate crystallization from acetone-methanol gave 329.9 mg. of fine crystals, m.p. 
ions 121.5°. Recrystallization of a portion from benzene-methanol did not 
not _— raise the melting point. A 71.0 mg. portion was recrystallized from ace- 
dic- — tone-methanol for analysis, yielding plates, m.p. 121.5°. The specific 
a 
A 
B 
i A. l s. A. A A. all. A. iL A A. iL i iL 
60(000 3000 2000 1800 1600 1400 1200 1000 800 
cm~' 
i iid Fig. 3. Infrared spectra of 24-dehydrocholesteryl acetate: synthetic (Graph A), 
; m.p. 98°, a gift of Professor W. Bergmann and Mr. J. P. Dusza, and from rat skin 
(Graph B), m.p. 98°. 
inally- rotation, [a]®, was —40.7°, 1 per cent in chloroform. The infrared spectra 
of rat skin and chick embryo desmosterol are compared in Fig. 2. 
Co7H4,O (384.62). Calculated. C 84.31, H 11.53 
Found. “*-84.18, ** 11.43 
" a | A 60.3 mg. portion of the sterol, m.p. 121.5°, was acetylated with acetic 
wee anhydride-pyridine at 110° for 1 hour to yield 68.3 mg. of steryl acetate. 
chick R ae aa a aoe 
nails ecrystallization from methanol gave 54.9 mg. of plates, m.p. 98°, un- 
uth changed by recrystallization from methanol. 
mbry 
learing C2sHicOz (426.66). Calculated. C 81.63, H 10.87 
Found. ** 81.80, ‘* 11.08 
Frac- | 





Through the generosity of Professor Werner Bergmann and Mr. John 
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STEROL METABOLISM. I 
P. Dusza of the Sterling Chemistry Laboratory, Yale University, we ob- 
tained a sample of authentic 24-dehydrocholesteryl acetate prepared by 
their partial synthesis from cholesterol (13). The melting point and be- 
havior of this sample are identical with those of desmostery] acetate from 
rat skin. The infrared spectra are compared in Fig. 3. 


TaBLe IV 


Rechromatography of Crude Carbon-Labeled Chick Embryo Desmosteryl p-Iodobenzo- 
ate-I'*" with Carrier Rat Skin Desmosteryl p-Iodobenzoate-I'*! 








Fraction No. Cm. from top Digitonide weight 


| 
Specific activity 
of digitonide 





| | 
| 
| | 
| 
sen 7 
| 
16 10.2 
| 
| 


mg. c.p.m. per mg. 
1 628 
2 25 23.3 543 
3 27 46.8 521 
4 31 55.5 | 460 





TABLE V 
Chromatographic Separation of Products of Conversion in Vivo of Carbon-Labeled 
Desmosterol to Cholesterol 


The experimental rat received 3775 c.p.m. of C'*-desmosterol; an excised control 
liver, 1100 c.p.m. See the text for the experimental method. 











Liver Zone Sass |~Seer-| ae 
c.p.m. c.p.m. 
Experimental Desmosterol 1.6-10.0 31.0 713 
Cholesterol 17 .8-25.0 5.2 
g 25.0-29.0 5.0 536 
zm 29.0-36.3 5.2 
Control Desmosterol 4.6-10.0 35.6 797 
Cholesterol 24.4-40.0 0 0 














Conversion in Vivo of 24-Dehydrocholesterol (Desmosterol) to Cholesterol 


Crude carbon-labeled desmosteryl p-iodobenzoate was obtained (by 
chromatography) from chick embryos previously injected with acetate-l- 
C* (1). To 27.0 mg. of this compound were added 30.0 mg. of carrier 
desmosterol from rat skin, and the mixture was first treated with p-iodo- 
benzoyl chloride-I and pyridine to esterify the carrier sterol and then 


four fractions, and the digitonide from each was isolated (Table IV). 
1.8 mg. of desmosterol from Fraction 3 were suspended in Tween 20- 
Ringer solution and injected into the portal vein of an etherized rat. 


chromatographed in the usual manner. The resultant zone was cut into 
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After 1 hour the liver was removed and immediately hydrolyzed. As a 
control, the liver from an untreated rat was excised and hydrolyzed with 
0.54 mg. of radiodesmosterol. After isolation of the sterol mixture through 
the digitonides, approximately 5 mg. of unlabeled carrier desmosterol 
were added to each, and the two mixtures were then esterified and chroma- 
tographed separately. When the desmosteryl and cholesteryl p-iodo- 
benzoate zones were well separated, the columns were sectioned as shown 
in Table V, and the sterol in each section was recovered and counted as the 
digitonide. In the experimental liver 33 per cent of the injected desmo- 
sterol activity was recovered in the liver sterols. Of the recovered C™ 
activity, 57 per cent was in unchanged desmosterol and 43 per cent was in 
cholesterol. This cholesterol was passed through the dibromide without 
change in specific activity (14, 15). Therefore 24-dehydrocholesterol is an 
eficient cholesterol precursor. Table V summarizes other data on the 
experimental and control livers. 


DISCUSSION 


The skin sterol mixture of rodents is remarkable for containing signifi” 
cant amounts of a number of sterols elsewhere occurring only in traces: 
Besides the anticipated cholesterol and a 7-dehydrosterol, rat skin sterol 
mixture has been shown to contain A’-cholestenol (8) and another fast 
acting sterol isolated by Frantz et al. (10). The present investigation 
adds 24-dehydrocholesterol to this list and provides chromatographic 
evidence for the existence of cholestanol and two other components. 
One of these is analogous to a compound found to accompany 24-dehydro- 
cholesteryl p-iodobenzoate in the chromatography of chick embryo steryl 
esters and is thought to be another cholestadienol (1). 

Desmosterol (24-dehydrocholesterol, A®-*4-cholestadien-38-ol) has been 
isolated in this laboratory as a companion of cholesterol in rat skin and 
chick embryos. Idler and Fagerlund (16) have also found it accompanying 
cholesterol in the barnacle, Balanus glandula. 

When acetate-1-C™ is injected into fertilized eggs and the embryos are 
harvested 16 hours later, the desmosterol has a specific activity 20 times 
that of the accompanying cholesterol (1). When carbon-labeled desmo- 
sterol, prepared in this way, is injected into the portal vein of a rat, a 
considerable part of the activity is converted to cholesterol. This evidence 
suggests that desmosterol is a normal cholesterol precursor. 

Johnston and Bloch (17) have pointed out that the cholesterol precursors 
which have been isolated from preparations incubated with labeled acetate 
or squalene are 24,25-unsaturated compounds. Also, while some of 
their preparations were capable of converting both zymosterol (4°: ™- 
cholestadien-38-ol) and dihydrozymosterol (A*”-cholesten-38-ol) to cho- 
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lesterol, zymosterol appeared to be the normal precursor. Saturation of 
the 24,25 double bond must be a very late step in cholesterol biosynthesis, 
and desmosterol is qualified to be the immediate precursor of cholesterol, 

Lynn et al. (18) have reported a particulate system from rat liver which 
oxidized added cholesterol-26-C™“ to 25-dehydrocholesterol and other 
products. Fredrickson et al. (19), working with a cell-free preparation 
from mouse liver, have also produced evidence suggesting an early de- 
saturation step during side chain oxidation of cholesterol, although 
Fredrickson (20) has found no significant accumulation of 25-dehydro- | 
cholesterol in this system. Since the ‘25-dehydrocholesterol” used in all 
the above work appears to have contained large amounts of 24-dehydro- 
cholesterol (21), desmosterol may also lie in one of the pathways of cho- 
lesterol catabolism. 


SUMMARY 


Rat skin steryl p-iodobenzoates-I'*! were chromatographed on silicic 
acid-Celite columns with Skellysolve C. Three composite zones were 
distinguished, the fastest containing cholesteryl and cholestanyl esters, 
the intermediate zone containing A’-cholestenyl and an unidentified ester, | 
and the slowest, comprising 5 to 8 per cent of the total sterol, containing | 
two esters. The minor component of the slow moving zone was not iso- 
lated; the major component was identified as the ester of desmosterol, a 
sterol previously isolated in this laboratory from chick embryos injected 
with acetate-1-C™ as a high counting companion of cholesterol. Desmo- 
sterol was identified as 24-dehydrocholesterol (A®*:*4-cholestadien-36-ol) 
by comparison with an authentic synthetic sample. 

Desmosterol, biosynthetically labeled with C", was injected into the 
portal vein of a rat. At the end of 1 hour, 33 per cent of the injected 
radioactivity was recovered in the liver digitonides, 57 per cent of this 
activity was in unchanged desmosterol, and 43 per cent was in cholesterol ‘ 
purified through the dibromide. This evidence supports the hypothesis | 
that desmosterol is a normal cholesterol precursor in the species studied. 
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THE DISTRIBUTION AND BIOSYNTHESIS OF PALMITIC AND 
STEARIC ACIDS IN LIVER, INTESTINE, AND CARCASS 
OF INTACT NORMAL AND FASTED RATS* 
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(From the Department of Biochemistry, School of Medicine, Vanderbilt University, 
Nashville, Tennessee) 


(Received for publication, October 24, 1957) 


Studies of biosynthesis of fatty acids in intact animals have been made 
usually by determining C™ activity in mixed fatty acids of liver or carcass 
after administration of radioactive acetate. Relatively few reports are 
available of such data obtained on individual fatty acids. Among the lat- 
ter are included analyses of hepatic fatty acids (1, 2) and of carcass fatty 
acids (3, 4). In the experiments reported in this paper we investigated 
both the amount of palmitic and stearic acids of liver, intestine, and carcass 
of rats and the C" activity of these acids during biosynthesis from C"- 
acetate and before significant translocation of newly synthesized fat had 
occurred. The effect of starvation on the amounts and syntheses of these 
two fatty acids was also studied. 


EXPERIMENTAL 


Preliminary studies of the distribution of saturated fatty acids in liver, 
carcass, and intestine were made on rats fed normally or fasted for 72 hours. 
These were repeated on rats given C'-acetate, and pure C'*-labeled palmitic 
and stearic acids of liver, carcass, and small intestine were isolated and sub- 
jected to radioactivity analysis. All experiments were performed on male 
Sprague-Dawley rats, weighing 300 to 400 gm., and maintained on Purina 
laboratory chow. Fed or fasted animals were injected with 6 mg. (10 uc.) 
or 9 mg. (20 uc.), respectively, of sodium acetate-1-C“. All animals were 
decapitated 5 minutes after injection, and the livers and washed small intes- 
tines were placed immediately in alcoholic KOH. Similar organs of several 
animals from each group were combined for analysis. The carcasses of 
animals, either individually or in pairs, were cut into small pieces and 
placed in aleoholic KOH. After hydrolysis of the tissues or organs, extrac- 
tion and determination of total fatty acids were carried out as described 
previously (5). Saturated fatty acids were separated from unsaturated 


*This paper is based on work performed under Contract AT(40-1)-1033 of the 

United States Atomic Energy Commission and was presented in part at the Forty- 

| seventh meeting of the American Society of Biological Chemists at Atlantic City, 
April, 1956. 
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fatty acids by crystallization from acetone at — 20° as described by Markley 
(6). The filtrate containing the unsaturated acid fraction was evaporated 
to a small volume, and crystallization at the low temperature was repeated, 
After the solid fatty acids from both crystallizations were combined and 
washed with acetone at —20°, the iodine number was determined (7) as an 
estimate of the amount of unsaturated fatty acids remaining. 

The saturated fatty acid fraction was distributed in an automatic 1 
tube Craig countercurrent distribution apparatus and recycled to a total 
of 600 to 700 transfers. In some of the earlier experiments isooctane was 
used as the upper layer and equal volumes of acetonitrile and glacial acetic 
acid as the lower layer. Complete separation of palmitic and stearic acids 
was obtained in later experiments in 400 transfers by the use of the fol- 
lowing solvent system: upper phase, isooctane; lower phase, an equal vol- | 
ume mixture of glacial acetic acid, acetonitrile, and formamide. Similar 
systems were suggested by Ahrens and Craig (8) in an article which includes 
details of the method of countercurrent distribution in the separation of | 
the higher fatty acids. The solvents were equilibrated before use at 24- 
25°, the temperature at which the distribution was made. The separation | 
was followed by titration and, in some experiments, also by measurement | 
of C“ activity. Samples titrated or counted were returned to their respec- | 
tive tubes for further separation when necessary. When the distribution | 
was completed, the contents of appropriate tubes were pooled, and the 
fatty acids were extracted, washed, and recrystallized from water-alcohol | 
or water-acetone mixtures. Usually, one recrystallization was adequate to 
yield material with a sharp melting point which agreed with recorded val- 
ues. In the studies with C™-acetate, the pure palmitic or stearic acid was 
subjected to wet combustion, and the evolved CO: was absorbed in sodium 
hydroxide. C" activity was determined on barium carbonate in a windov- 
less flow counter. Appropriate corrections were made for self-absorption 
and for background. During the distribution radioactivity determinations : 
were made by plating fatty acids as such. Correction for self-absorption 
was not made for these samples. The amounts of fatty acids in the sepa- 
rated fractions were estimated from the experimental curves. 

To compare the specific activity of the average carbon with that of the 
carboxyl carbon, inert palmitic or stearic acid was added to a portion d 
the recrystallized labeled acid. Aliquots of the resulting material were} 
subjected to a wet combustion and to decarboxylation by the Schmidt 
reaction (9). 


Results 


a ome 


In fed rats the saturated fatty acid fraction of hepatic, intestinal, and | 
varcass total fatty acids comprised 33, 37, and 37 per cent, respectively, dl | 
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total fatty acids. These figures were not altered significantly by 
hour fast. 

Typical countercurrent distribution patterns of pooled liver saturated 
fatty acids are shown in Fig. 1 for fed and fasted rats. Only palmitic and 
stearic acids were found in the saturated fatty acid fraction of the tissues 
examined by this technique. The quantitative data for all three tissues 
are presented in Table I. In the liver approximately equal amounts of 
palmitic and stearic acids were found. Palmitic acid was the predominant 
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Fig. 1. Countercurrent distribution of saturated fatty acids from livers of eight 
fasted rats (upper part of figure) and six fed rats (lower part of figure). The titra- 
tion curve (@) and the radioactivity curve (O) were plotted at 700 transfers for the 
fasted rats and at 600 transfers for the fed animals. Upper phase, isooctane; lower 
phase, equal volume mixture of glacial acetic acid and acetonitrile. 


saturated acid in the small intestine (about two-thirds of the total saturated 
fraction). In the carcass stearic acid constituted only a minor fraction 
(1 to 7 per cent) of the total saturated fatty acids. Imposition of a 72 
hour fast did not alter significantly the relative proportions of these acids. 

In the livers of fed animals values for both specific activity and total 
activity of palmitic acid were about 4 times greater than those for stearic 
acid (Table II). A 72 hour fast reduced this ratio to about 1.4 to 1.5. The 
specific activities of palmitic and stearic acids from the intestine were about 
equal in fed animals, but the total activity was twice as great in palmitic 
as in stearic acid. In animals fasted for 72 hours the specific activity of 
stearic acid was twice as high as that of palmitic acid. Consequently, the 
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total activities in the two acids were equal. A relative increase in specific 
activity of stearic acid of fasted rats was observed also in the carcass fatty 


TABLE I 
Relative Amounts of Palmitic and Stearic Acids in Saturated Total Fatty Acid Fraction 
of Tissues of Normal and 72 Hour Fasted Rats 





—_——__.. 


} Per cent of total saturated fatty acids* 
| 




















Tissue | No. of animals pooled | Fed rats | Fasted rats 
ES eee 
| Palmitic | Stearic | Palmitic Stearic 

Liver | 4 | 53 47 | 

6 53 47 

8 52 48 
Small intestine 4 64 36 

6 72 28 

8 70 } 30 
Carcass 2 99 1 

1 93 7 

2 99 1 I 

| | 











* Because only palmitic and stearic acids were found in the saturated fraction, 
the sum of the two was taken as 100 per cent. 


TABLE II 
Specific and Total Activity of Palmitic and Stearic Acids of Tissues 
of Fed and Fasted Rats 























Ne. ef (epm. per ms. ‘Gadleons 
Tissue Experimental animals — 
conditions* pooled 

—— — Palmitic acid | Stearic acid 

Liver Fed 6 106 25 23,800 5,600 | 
- Fasted 72 hrs. 8 14.8 10.6 5,200 3,600 
Intestine Fed 6 83.8 84.3 37 , 200 15,850 
xi Fasted 72 hrs. 8 153 332 66 , 500 67 ,000 
Carcass Fed 2 20 10 148 , 400 1,020 
e Fasted 72 hrs. 2 6.9 15.4 18,100 570 











* All rats were decapitated 5 minutes after intraperitoneal injection of CH;C™ | 
OONa. : 


acids. However, because of the small amount of stearic acid present 
(relative to palmitic), the total activity contributed by the stearic acid 
fraction remained a small fraction of that due to palmitic acid. 

The amounts and activities of individual acids from the fed animals 
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should not be compared with the values for the same acid in the fasted ani- 
mals, since different quantities of C'* were administered and different num- 
bers of animals were pooled in the two groups. 

Synthetic carboxyl-labeled stearic acid, decarboxylated by use of the 
Schmidt reaction, yielded CO:, the specific activity of which was 90 per 
cent of theoretical. The values obtained in degradation studies (Table 
III) have not been corrected for this 10 per cent dilution of activity. The 
ratio of the specific activity of the carboxyl carbon to the total chain carbon 
was about 2 for palmitic acid isolated from liver and slightly greater than 2 
for palmitic acid isolated from intestine and carcass of fed animals. In 


TaB.e III 


Ratio of Specific Activities of Carbozyl Carbon to Total Chain 
Carbon in Palmitic and Stearic Acids 























Specific — sp™ per mg. . 
Tissue ~~ Fatty acid Ratio, 5 
Total chain (A) oa wenn 
Liver Fed Palmitic 3.74 6.86 1.84 
Fasted se 1.20 6.12 5.10 
Fed Stearic 1.12 7.98 7.13 
Fasted “4 0.81 11.69 14.4 
Intestine Fed Palmitic 3.05 7.14 2.34 
Fasted - 3.69 8.05 2.18 
Fed Stearic 2.66 14.97 5.63 
Fasted si 6.85 65.45 9.55 
Carcass Fed Palmitic 2.33 5.52 2.37 
Fasted “ 0.63 3.93 6.24 








contrast, for stearic acid isolated from liver and intestine of fed animals 
the ratios were 7.1 and 5.6, respectively. With a 72 hour fast the ratios 
of the specific activities of the carboxyl carbon to the total chain carbon for 
palmitic acid from liver and carcass increased to 5.1 and 6.2, respectively. 
However, this ratio for intestinal palmitic acid was similar to that found 
in fed animals. Stearic acid isolated from liver and intestine of starved 
animals exhibited the greatest carboxyl carbon to total chain carbon ratios, 
14.4 and 9.6, respectively. In the carcass of both fed and starved animals 
the quantity and radioactivity of stearic acid isolated were inadequate for 
accurate assay by degradation. 


DISCUSSION 


Countercurrent distribution affords an effective method for separating 
palmitic and stearic acids in large quantities. The failure of palmitic and 
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oleic acids to separate with the solvent systems used in this study required 
a preliminary separation of unsaturated and saturated fatty acids. In this 
fractionation there was significant overlapping of fractions; therefore, the 
filtrate from the first crystallization at low temperature was evaporated to 
a small volume, and crystallization was allowed to take place again at 
—20°. The low iodine number (3 to 5) of the washed solid fatty acids 
indicated a content of unsaturated acids of no significance in estimating 
the amount of palmitic acid. The specific activity of unsaturated fatty | 
acids after C™-acetate administration was lower than that of saturated 
acids, and palmitic acid was recrystallized before C determination; hence, 
no significant contamination of the activity of palmitic acid by unsaturated 
acids occurred. This was confirmed by the sharp melting point of the 
recrystallized palmitic acid. 

The failure of a 72 hour fast to alter the relative amounts of palmitic | 
and stearic acids in the tissues studied indicates that the rate of utilization 
of the two acids was about the sameand that differences in rates of synthesis | 
had not resulted in amounts detectable by this means. 

Only stearic and palmitic acids were found in the saturated util 
but small amounts of lauric and myristic acids could have escaped detee- 
tion by this technique. However, Lossow and Chaikoff (10) earlier re- 
ported that no myristic acid was found in rat liver fatty acids isolated by 
chromatographic techniques. 

The radioactivity and decarboxylation studies indicate that in the in- 
testine there may be controls of biosynthesis of fatty acids from C™-acetate 
which are different from those in liver. Thus, although the specific ac- | 
tivity of palmitic acid from livers of fed animals was about 4 times that of 
stearic acid from the same source, this ratio was 1.0 in the small intestine. 
In the fasted animals the ratio of the specific activity of carboxy] carbon to 
the specific activity of total chain carbon increased to about 5 for hepatic 
palmitic acid but remained at slightly greater than 2 in intestinal palmitic 
acid. Therefore, compared to liver, the intestine showed a relatively 
smaller decrease in the palmitic acid which was synthesized totally from (; 
units. This observation may explain partially the finding reported earlier 
(11) of a relatively smaller decrease (compared to liver) in the C™ activity of 
intestinal total fatty acids of rats fasted for 72 hours and injected with C" 
actate. 

Since the animals in this study were killed 5 minutes after intraperitoneal 
injection of radioacetate, it is reasonable to assume that the labeled fatty | 
acids found in a particular site had been synthesized there and that an in- | 
significant amount of transport of newly synthesized fatty acids had oe- | 
curred. It is also probable that the labeling observed in the isolated fatty 
acids occurred predominantly from the labeled C2 units injected rather | 
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than from reutilization of C2 units resulting from breakdown of newly syn- 
thesized labeled fatty acids. 

The short time of our experiments makes it difficult to compare our re- 
sults with those of others who used much longer intervals between C™ 
administration and death of the animal. Using rat liver slices incubated 
with carboxyl-labeled acetate, Zabin (1) observed a significantly greater 
concentration of isotopic carbon in the carboxyl position than in the re- 
mainder of the saturated fatty acid chain in fed rats. He separated these 
two acids in one experiment. The carboxyl carbon of palmitic acid had a 
specific activity 2.5 times that of the total chain carbon. The ratio for 
stearic acid was about 15. One experiment carried out on an intact fasted 
rat also was included. The mixed saturated fatty acids isolated from the 
liver 6 hours after oral administration of carboxyl-labeled acetate had a 
specific activity in the carboxyl carbon 6-fold that of the total chain carbon. 
Dauben et al. (3) observed that palmitic acid from the carcasses of mice 
injected subcutaneously with carboxyl-labeled acetate was, in the main, 
totally synthesized from 2-carbon units, whereas a significant quantity of 
stearic acid was formed by elongation of a 16-carbon acid already present 
in carcass. The mice were killed 4 hours after injection of C™-acetate. 
Swan (12) reported that mixed saturated fatty acids isolated from livers 
of mice injected intraperitoneally with carboxyl-labeled acetate and killed 
15 to 100 minutes after injection were labeled uniformly at alternate car- 
bons throughout the whole molecule, except in the shortest term experi- 
ment. The ratios (specific activity of carboxyl carbon to specific activity 
of total chain carbon) reported were as follows: 30 minutes, 2.95; 45 min- 
utes, 2.3; 100 minutes, 1.8. Our value at 5 minutes for palmitic acid was 
1.84 and for stearic 7.13. Data on intestinal palmitic and stearic acids 
apparently have not previously been reported. 

The data indicate that under normal conditions palmitic acid in liver, 
intestine, and carcass is synthesized mainly by total synthesis from C2 
units. Under conditions not favorable to fatty acid synthesis (fasting) 
elongation of existing shorter chains occurs to a significant degree. The 
intestine is an exception to the latter generalization. Chain elongation, 
however, is an important mechanism in the formation of stearic acid even 
in fed (normal) animals and becomes predominant in the fasted animal. 


SUMMARY 


Fractionation of saturated fatty acids derived from tissues of rats was 
accomplished by the use of countercurrent distribution. In the livers of 
normal (fed) rats about equal amounts of palmitic and stearic acids were 
found, in the small intestine there was about twice as much palmitic as 
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stearic acid, and in the carcass the saturated fatty acid was predominantly 
palmitic. These relative amounts were not altered by a 72 hour fast. 

5 minutes after intraperitoneal injection of carboxyl-labeled acetate, the 
predominant labeling in livers and carcasses of fed rats occurred in the 
palmitic acid fraction. In the small intestines of these rats the specific 
activities of palmitic and stearic acids were similar. A 72 hour fast caused 
a relative increase in the labeling of stearic acid as compared to palmitic 


acid. Decarboxylation studies showed that palmitic acid is normally syn. | 


thesized in liver, intestine, and carcass mainly by total synthesis from 2. 
carbon units. In fasted rats, chain elongation of existing shorter fatty | 


acids occurred to a significant degree. An exception was noted in the in- 


testine in which the pattern of labeling of palmitic acid was unchanged by | 
fasting. A considerable amount of chain elongation to form stearic acid | 


occurred in the liver and intestine of normal animals, and this mechansim 
became predominant in the fasting animals. 
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PARTIAL PURIFICATION AND PROPERTIES 
OF RENAL GLUTAMINASE* 


By JACK D. KLINGMAN{ anp PHILIP HANDLER 


(From the Department of Biochemistry and Nutrition, 
Duke University School of Medicine, 
Durham, North Carolina) 


(Received for publication, November 11, 1957) 


In 1935, Krebs (1) suggested that there may be several glutaminases. 
A useful preparation of renal “glutaminase” was described by Archibald (2); 
Greenstein and Carter (3) demonstrated the existence of two types of glu- 
taminases which were activated by a-keto acids and phosphate, respec- 
tively. The mechanism of the a-keto acid-activated glutaminases has been 
demonstrated by Meister and Tice (4), whereas nothing is known of the 
enzymatic mechanism or physiological role of the phosphate-activated 
enzyme in kidney. This paper reports the results of an initial attempt 
to purify and study the properties of the phosphate-activated glutaminase 
of kidney. 


EXPERIMENTAL 


Methods—Ammonia was determined by either direct nesslerization by 
using Vanselow’s reagent (5) or the procedure of Brown et al. (6). Glu- 
tamic acid was determined manometrically with an acetone powder of 
Escherichia coli prepared by the procedure of Najjar and Fisher (7). Glu- 
tathione disappearance was determined by the method of Ball, Revel, and 
Cooper (8), by using the alloxan procedure of Patterson and Lazarow (9). 
Protein was determined by micro-Kjeldahl analysis or from the ratio of 
absorbance at 280 and 260 my according to Warburg and Christian (10). 

Purification Procedure—Otey, Birnbaum, and Greenstein (11) reported 
a soluble preparation of glutaminase from a butanol powder of kidney, and 
our initial studies were made with this procedure. It should be noted that 
the preparation so obtained contains considerable quantities of glutamic 
acid, as demonstrated by paper electrophoresis at pH 8.1 in 0.1 m borate and 
with glutamic decarboxylase. Moreover, the protein of this preparation 
was found to bind added glutamic acid in such fashion as to render a frac- 
tion thereof unavailable to glutamic decarboxylase. The endogenous 


*These studies were supported by Grant B-906 from the National Institutes of 
Health and by Contract AT-(40-1)-289 between Duke University and the United 
States Atomic Energy Commission. 

t Predoctoral Fellow of the National Heart Institute. Present address, Depart- 
ment of Biophysics, The Johns Hopkins University. 
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glutamate could be removed by dialysis for 6 hours against phosphate 
buffer, but approximately 50 per cent of the enzyme activity was lost 
during this procedure. The observation of Speck (12) that borate stabilizes 
glutamine solutions and of Otey et al. (11) that borate also stabilizes rena] 
glutaminase suggested the use of borate in dialyses of the enzyme. Com. 
plete removal of the endogenous glutamate could be accomplished by 
dialysis for 8 hours against 0.05 m borate at pH 8.1, with no loss in activity. 


In consequence, all subsequent operations were performed in 0.03 M borate | 


unless otherwise specified. Numerous attempts to obtain partial purifica- 


tion of glutaminase from the extract described by Otey et al. (11) by pro. | 


cedures such as heat treatment, isoelectric precipitation, protamine re. 


moval of nucleic acid, fractionation with metals, ammonium sulfate. | 


ethanol, or absorption and elution from calcium phosphate, calcium 
borate, alumina Cy gel, Dowex 1 chloride or borate, Dowex 50, Amberlite 
IRC-4B, IR-400, or XE-64, hydroxyapatite or Celite columns were all 
of no avail. Similarly, attempts at electrophoresis on potato starch | 
blocks and at electroconvection did not yield useful preparations. 

When the distribution of the enzyme in cellular fractions was studied 
with the aid of conventional differential centrifugation techniques, renal 
glutaminase was found to be located exclusively in the mitochondria, | 
Resuspension of mitochondria in water or in solutions of sodium laury| 
sulfate, digitonin, or deoxycholate released no more than 50 per cent of 
the enzyme activity from the particles. Sonic vibration of isolated mito- 
chondria did afford almost complete solubility of the enzyme, but this | 
procedure appeared of limited value in obtaining relatively large scale 
preparations of the enzyme. Archibald (2) had indicated that dog kidney 
is perhaps the richest source of the enzyme; however, mitochondria from 
fresh pig kidneys were found to possess at least equal activity and were 
used thereafter as a starting material. Approximately 300-fold purifica- 
tion of the enzyme from fresh pig kidney was effected by the following | 
procedure. 

Fresh pig kidney is homogenized in 5 volumes of 8.5 per cent sucrose 
containing 0.02 m borate at pH 8.1. The homogenate is centrifuged at 
2500 X g in the conical head of a refrigerated centrifuge (International 
Equipment Company, model PR-1) for 15 minutes, and the sediment is 
discarded. The supernatant solution is strained through two layers of | 
cheesecloth and then centrifuged in a refrigerated Sharples centrifuge 
at maximal speed. The precipitate so obtained is lyophilized. 31 gm. 
are homogenized for 2 minutes in 1100 ml. of butanol at 0°. The butand | 
should be freshly distilled, or Mathieson ‘‘white label reagent” may be| 
employed. The homogenate is poured onto a Biichner funnel and sucked | 
almost to dryness and then rehomogenized in 500 ml. of acetone at (| 
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for 30 seconds and again filtered on a Biichner funnel. Just before dryness 
is attained, 100 ml. of diethyl ether are added, on the funnel, and the 
preparation is sucked dry. The powder is stored in a vacuum desiccator. 
The powder so prepared contains all the enzyme activity of the original 
kidney and is stable for at least 6 months in the cold. 

A soluble extract is prepared by stirring 5 gm. of powder in 120 ml. 
of 0.01 m borate, pH 8.1, in the cold for 1 hour and then centrifuging 
at 29,000 X g in a refrigerated centrifuge (Lourdes Instrument Corporation, 
model AB). Attempts to purify the enzyme from the supernatant fluid 
by precipitation with metals, ammonium sulfate, ethanol, or absorption 
and elution from calcium phosphate, calcium borate, or alumina Cy gel were 
unsuccessful, nor did protamine precipitation, isoelectric precipitation, 
or heat treatment prove of value at this point, whereas precipitation by 
sodium phosphate effected useful purification. To the supernatant fluid 
are added, with stirring over a 15 minute period, 50 ml. of cold 4 m phos- 
phate, pH 8, and the suspension is stirred for an additional 15 minutes. 
The precipitate obtained by centrifugation for 15 minutes at 29,000 x g 
is dissolved in 20 ml. of 0.01 m borate, pH 8.1, and the enzyme is repre- 
cipitated with 10 ml. of 4 m phosphate and isolated by centrifugation. 
This precipitate is dissolved in 10 ml. of 0.01 m borate. Again attempts at 
further purification by absorption and elution from Celite, alumina Cy, 
calcium phosphate, hydroxyapatite, Amberlite IR-4B, IR-400, or XE-64, 
Dowex 1 chloride or borate, or triethylamine cellulose met with indifferent 
success; frequently the enzyme could not be obtained again from the 
column. 

However, chromatography on Amberlite XE-97 proved a useful pro- 
cedure. The column is prepared by washing the hydrogen form of the 
resin free of chloride and then stirring each pound of resin with 3 liters of 
0.1 m borate, pH 8.1, for 30 minutes, and allowing to settle before addition 
of a second portion of borate buffer. This suspension is then poured into 
alem. column to a height of 30 cm. The column is washed for 2 days 
with 0.1 m borate, pH 8.5, until the pH of the effluent is at least 7.8. The 
column is then transferred to the cold room. 200 mg. samples of protein 
are placed on the column and then eluted with 0.15 m glycine in 0.05 m 
borate, pH 9, at a flow rate between 3 and 4 ml. per 25 minutes. The 
effluent is collected in 3 ml. samples. The amber-colored material in 
the protein solution appears in the first three or four tubes and the major 
portion of the activity in the next nine tubes. Generally, however, the 
total contents of Tubes 5 to 20 were collected and concentrated by dialysis 
against saturated polyvinyl pyrollidone in 0.05 m borate, pH 8.1. As 
shown in Table I, repetition of the chromatography on XE-97 resulted 
in doubling the specific activity of the final protein. 
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Properties of Enzyme—The ratio of absorption at 280 to 260 muy of the 
final preparation rarely exceeded 1, presumably indicating the presence of 
nucleotides which have not yet been identified. Incubation of Fraction D 
with ribonuclease at 30° for 30 minutes was without effect either on the 
absorption spectrum or on the enzymatic activity of the reisolated protein, 

The possible presence of bound nucleotide in the preparation directed 
attention to the description by Binkley and Olson (13) of a preparation 
from kidney, containing an unidentified nucleotide, which exhibited 
glutathionase activity only in the presence of glutamine. Accordingly, 
the glutathionase activity of Fractions B and E were assayed by incubating 
equivalent glutaminase activities in Thunberg tubes containing glutathione, 
with and without glutamine, in 0.02 m phosphate at pH 8.2. The mixtures 
were degassed, placed in a nitrogen atmosphere, and incubated at 37°, | 
Aliquots were then assayed for ammonia, glutamic acid, and glutathione. 


TaBLeE I 
Purification of Pig Kidney Glutaminase 








Frac- : | Absorbance at 280 my | Specific Total units 





tion | Stage | Absorbance at 260 my | activity recovered 
= lize Pe Te ee 
A | Initial extract of mitochondrial powder 0.82 8.85 | 12,400 | 
B | Ist phosphate ppt. 1.13 | 41.9 | 12,200 | 
C | 2nd = ss 1.22 | 54 11,900 
D | Ist XE-97 eluate 1.08 | 112 10,540 
S | 2nd “ - 1.03 | 223 =|: 10,440 








As will be seen in Fig. 1, Fraction B exhibited glutathionase activity 
which was enhanced 5-fold by the presence of glutamine, whereas the more 
highly purified glutaminase exhibited no glutathionase activity even in 
the presence of glutamine. With both preparations, glutathione markedly 
inhibited glutaminase activity. It will be noted that the release of glu- | 
tamate, measured as CO: production by glutamic decarboxylase, coincides 
in each case with the NH; formed rather than with glutathione which has 
disappeared. This suggests formation of a polyglutamate rather than 
hydrolysis of the glutathione. The mechanism of this glutamine-de- 
pendent “glutathionase” activity of the cruder preparation is currently | 
under investigation. 

As shown in Fig. 2, pig kidney glutaminase shows a pH optimum at 8.0; 
activity falls off sharply below pH 7 and above pH 8.5. The enzyme 
is rapidly inactivated by p-chloromercuribenzoate at 10-* m and is not 
reactivated by glutathione or cysteine. 

It had been reported (3) that anions other than phosphate can effect 
stimulation of glutaminase activity, and it appeared desirable to confirm 


SEER 


Fr 
ba 


XUM 


J. D. KLINGMAN AND P. HANDLER 373 




































.07 +10.0 
| of the . 
ence of 
stion D 

4.07 
on the L725 
orotein. 
lirected 
aration | 0 207 
hibited 2 5.0 
dingly, re} 
ubating o 04 
ithione, | = . 
° ; l. + 
— Los 
at 37 a 1.0 L 
ithione. 

0.574 

0- rO 
| ‘ 60 
‘Total units 
| recovered MINUTES 
Ve Fic. 1. Glutathionase activity of glutaminase preparations. All incubations were 
12,400 | 
| 


conducted in a total of 5 ml. of 0.2 m sodium phosphate, pH 8.2, in a nitrogen at- 
| 12,200 | mosphere at 37°. Appropriate vessels contained 67.5 wmoles of glutamine or 32.5 
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| 10,540 thione; C, flasks contained both glutamine and glutathione. The solid lines repre- 
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these observations with purified material. As will be seen from Table I] 
“activation” was effected by all the doubly charged anions tested, whereas 


singly charged anions were without effect. It is of some interest that | 
pyrophosphate was slightly more active than orthophosphate. It has 


been reported that the livers and kidneys of rats maintained on a vitamin 
Be-deficient diet exhibit a lowered glutaminase activity (14). Preincuba- 
tion of enzyme Fraction D with pyridoxal phosphate, in the presence and 
absence of phosphate, was without effect on enzymatic activity; however, 
no attempt was made to determine the pyridoxal or pyridoxamine content 
of the preparation as obtained from the column. 


TABLE II 
Influence of Various Anions on Activity of Pig Kidney Glutaminase 











Anion | Concentration Relative activity 

} M | per cent 
eee ae COPE eet ee eee 0.5 100 
he SES CHa deen eet er arte 0.5 106 
oie coco an tai Ske nce te aa Re Pee 0.5 74 
INE bibs As iied waive nina saweds beds: 0.1 98 
Tris(hydroxymethyl)aminomethane......... 0.5 0 
PR ors Bs Se ON ea Sal wictheian ceo kaewawne 0.5 0 
Rha Seth Res 5 Bis SRE ras apg hn lnrerbnis eed 0.5 0 
NN a5 ats Sicutlas acl. cN Aka kGiad de sam eas 0.5 0 
NIN 23: Hace ao eBb Thaw ndinoakcuees 0.5 0 
NR 8h x: ot nels aus oars saree MRA pea 0.25 0 














The incubation mixtures consisted of 2 y of enzyme (Fraction D) and 12 yumoles | 


of glutamine, in a total volume of 1.0 ml. of 0.03 m sodium borate, pH 8.1, at 37° 
for 30 minutes. 


Perhaps the most unusual feature of this enzyme is the phosphate 
activation. As shown in Fig. 3, maximal glutaminase activity is attained ; 


at approximately 0.4 m phosphate. K,, for phosphate appears to be of 
the order of 0.05 m. Most investigators of this enzyme have been im- 
pressed with its lability, and, in the course of the present studies, it was 
observed that in solutions free of doubly charged anions brief incubation 
of the enzyme at 37° resulted in complete inactivation. This was ac- 
complished by dialysis of the enzyme against Dowex 1 in 0.01 borate 
at 2°, followed by rapid dilution of 0.01 ml. of enzyme solution with 0.99 


ml. of water at 37°. In contrast, the presence of 0.03 m borate or 04 


M phosphate afforded complete protection against loss of activity in control 
incubations; whereas incubation of the enzyme with substrate, in the 
absence of divalent anions, resulted in complete inactivation within 5 
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minutes. To elucidate the role of phosphate in this system, samples of 
enzyme were preincubated for 5 minutes with phosphate varying in con- 
centration from 0.01 to 0.4 m. Glutamine and sufficient phosphate to 
make a final concentration of 0.4 m were then added, and incubation was 
continued for 30 minutes. The data so obtained were identical with 
those shown in Fig. 3; the total enzyme activity remaining, after enzyme 
was preincubated at any given phosphate concentration for 5 minutes, 
was identical with that observed in the previous experiment in which, 
without preincubation, glutaminase activity was determined at each 
phosphate concentration of the present preincubations. 





NH3 -s MOLES 











0.2 0.4 O06 08 
[PHOSPHATE] 


Fig. 3. Influence of phosphate concentration on glutaminase activity. Each tube 
contained 55 y of Fraction D, freed of phosphate by dialysis against Dowex 1, and 
12.5 umoles of glutamine in 1.0 ml. of the indicated concentration of phosphate at 
pH 8.1 and was incubated at 37° for 20 minutes. Non-enzymatic hydrolysis of glu- 
tamine is shown as (O) and enzymatic as (@). 


These data suggest that glutaminase must be rapidly inactivated when 
incubated at 37° in the absence of appropriate anions and that the ap- 
parent phosphate “‘activation” is largely protection against such inactiva- 
tio. As a partial check on this hypothesis, it appeared desirable to 
determine the velocity of the inactivation of enzyme when incubated in 
the absence of anions. Fig. 4 shows the result of incubating enzyme for 
varying time intervals at 37°; residual enzymatic activity was assayed 
by the rapid addition of glutamine and sufficient orthophosphate to yield 
a0.4M solution. The enzyme preparation was Fraction D, freed of phos- 
phate by dialysis against Dowex 1 at 2°. It will be seen that 50 per cent 
of the activity disappeared within 20 seconds and that after 2 minutes 
the enzyme preparation was essentially inert. 

In contrast to the effect of phosphate, borate appears to protect the 
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enzyme while preventing enzymatic activity. Thus, when enzyme is 
preincubated in a small volume of 0.03 m borate for 5 minutes and then 
added to glutamine and sufficient phosphate to yield a final concentration 
of 0.4 M, almost maximal activity is observed. On the assumption that, 
in protecting the enzyme, borate must interact with it at the same locus 
as that involved in the phosphate effect, it appeared likely that borate 
and phosphate might compete for this locus. As shown in Fig. 5, this is 
indeed the case. A final concentration of 0.05 m borate is sufficient to 
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Fic. 6. Inhibition of glutaminase by glutamate and ammonia. The incubation 
was performed in a total volume of 2.0 ml. of 0.4 M phosphate, pH 8.0, containing 
100 y of Fraction D and 25 umoles of glutamine (A) for 30 minutes at 37°. Separate 
vessels contained, in addition, 100 wmoles of glutamate (@) or 100 wmoles of am- 
monium chloride (@). All values were corrected for non-enzymatic hydrolysis of 
glutamine. 


result in 50 per cent inhibition of glutaminase activity when phosphate is 
present at its K,, concentration; the exact mechanism of the borate and 
phosphate effects remains obscure and will be pursued with more highly 
purified enzyme preparations. 

Effects of Glutamate and Ammonia—To ascertain the effects of ammonia 
and glutamate on the course of the enzymatic reaction, these were in- 
cubated at varying concentrations with enzyme (E) and substrate in 
phosphate buffer. The data are shown in Fig. 6. K,, for glutamine is 
approximately 5 X 10-* m. It will be seen that in this system ammonia 
acts as a competitive inhibitor, while glutamic acid is a more effective 
but, apparently, non-competitive inhibitor. These findings are compatible 
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with formulation of the glutaminase reactions as 


Glutamine + E = E-glutamate + NH; 


| Ho 


E + glutamate 


According to this formulation, ammonia in the medium would be expected 
to exchange with glutamine whereas glutamate would not, analogous to 
previous findings with horse liver esterase (15). Accordingly, experiments 
were conducted in which 300 mg. of enzyme Preparation D were incubated 
with 120 wmoles of glutamine, 120 wmoles of NH3, and 120 umoles of 
glutamate in 0.4 m phosphate, pH 8.1, at 37° for 30 minutes. In one series 
the incubation included glutamic acid-1-C™, 1.8 X 10° ¢.p.m., and in a 
second series the ammonia present contained 34 atom per cent excess of 
N, After the incubation period, glutamine was separated from glutamic 
acid by chromatography on XE-64 columns as described by Meister (16), 
To the glutamine so obtained were added 240 umoles of unlabeled glutamic 
acid, and the chromatography was repeated. The appearance of glutamine 
from the column was monitored with the use of ninhydrin (17). These 
assays were checked by hydrolysis for 11 minutes in 1 N H2SOx,, distillation, 
and determination of the ammonia by nesslerization. Radioactivity of 
an aliquot of the unhydrolyzed glutamine was determined in a gas flow 
counter. 

When NH;-N’® was employed, the reaction was stopped by decreasing 
the pH to 4.5 with concentrated sulfuric acid. After aliquots were taken 
for ammonia determination, 1 ml. of 10 m NH; and 3 ml. of saturated 
sodium borate, pH 10.6, were added, and the ammonia was distilled in 3 
ml. of 5 Nn HCl for 15 minutes. A second 1 ml. portion of 10 m NH; was 
added, and distillation was repeated. In control tubes, this procedure was 
demonstrated to be adequate to remove completely the NH;-N" remaining 
from the enzymatic incubation. The solution was then made 1 Nn with re- 
spect to H.SO, and placed in a boiling water bath for 11 minutes to hy- 
drolyze the glutamine. Thereafter the hydrolysate was neutralized, 
1.5 ml. of 10 n NaOH were added, and distillation was performed into 
3 ml. of 0.1m HCl. The ammonium chloride so obtained was converted to 
Nz with sodium hypobromite, and isotopic analysis was conducted in 
model 21-201 mass spectrometer of the Consolidated Instrument Company. 

Under these conditions no significant incorporation of glutamate-C" 
into the residual glutamine was observed. In contrast, as shown in 
Table III, significant reincorporation of ammonia into glutamine occurred; 
the extent of this reincorporation was strikingly dependent upon pH. 
At pH 7.1, 8.1, and 9.1, respectively, 0.135, 0.81, and 2.61 per cent of 
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theoretical complete equilibrium were obtained. Since the hydrolytic 
reaction was considerably more rapid at pH 8.1 than at pH 9.1, the effect 
of pH on the reincorporation of ammonia is considered to reflect the in- 
creasing concentration of NH; at the expense of NH,+ at increased pH. 
It isof interest that, in the absence of added phosphate, the reincorporation 
of ammonia, like the hydrolytic reaction, was markedly impaired. Un- 
fortunately, enzyme Fraction D contains a considerable quantity of phos- 
phate which, in these experiments, was not removed by dialysis. Pre- 


Tas_e III 
Incorporation of N*5H; into Glutamine by Glutaminase 


The incubation mixtures contained 120 umoles each of glutamine, glutamate, 
NH; containing 34 atom per cent excess N!5, 300 y of Fraction D in 5.0 ml. of 0.02 




















m borate. The appropriate vessels contained 0.4 m phosphate. P; = inorganic 
phosphorus. 
| pH 7.1 | pH 8.1 | pH 9.1 
Time | Conditions Pes | foaea | sae wie Vai 
| Hydrol- | Incorpo- | Hydrel- | Incorpo- | Hydrol- | Incorpo- 
ysis* rationt | ysis* | rationt ysis* rationt 
min. | 
15 No enzyme or P; 1 0.06 2 | 0.08 | 2 0.07 
| «oe | 3 0.05 4 | 0.08 3 0.06 
| * P | 4 0.07 | 8 | 0.08 15 0.38 
| Complete | 15 0.09 | 31 0.48 34 0.81 
30 | Noenzyme or P, | 2 0.06 | 2 0.06 2 0.07 
= « | 5 | 0.06 | 5 | 0.06 | 4 | 0.06 
” mi 7 0.06 | 9 0.06 | 32 1.22 
| Complete | 31 0.14 | 44 | 0.81 51 2.37 








* Expressed as per cent hydrolysis = (NH; (formed))/(glutamine (initial)) 100. 
+ Expressed as per cent equilibrium = (N!5 atom per cent excess in final gluta- 
mine)/17 X 100. 


sumably the effect of phosphate noted here would have been much more 
pronounced had phosphate-free enzyme been employed. These data are 
all in keeping with the formulation of the hydrolytic reaction shown earlier 
and indicate that the renal glutaminase is potentially a glutamyl-trans- 
ferring enzyme. 

Azaserine has been observed to inhibit a number of enzymes which 
catalyze transfer from the amide nitrogen of glutamine (18). When 
incubated with glutaminase in 0.4 m phosphate, azaserine effected ap- 
proximately 50 per cent inhibition of hydrolysis when present in equimolar 
concentration with the substrate. In contrast, however, in each of a 
number of runs, azaserine effected a relatively small inhibition of the 
reincorporation of ammonia into glutamine. The significance of this 
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observation remains to be determined. The extent of this incorporation 
of ammonia is of the order expected from the degree of inhibition of hy- 
drolysis of the hydrolytic reaction by ammonia at this concentration. 


SUMMARY 


A procedure is described for partial purification of a phosphate-activated 
glutaminase from pig renal mitochondria. The most highly purified prepa- 
ration does not exhibit the glutamine-dependent glutathionase activity 
of cruder preparations. Phosphate is found to “activate” the enzyme by 
protecting against the rapid inactivation of the enzyme which occurs when 
incubated in the absence of anions. Borate similarly protects the enzyme, 
but also inhibits the hydrolytic reaction. Ammonia, but not glutamate, 
was found to be reincorporated into glutamine when incubated with 
enzyme, glutamine, and phosphate. Azaserine, ammonia, glutamate, and 
p-chloromercuribenzoate inhibited the hydrolytic reaction. 
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ON THE NATURE OF THE §-GLUCOSIDASES OF 
MYROTHECIUM VERRUCARIA* 


By JOHN H. HASHf anp KENDALL W. KING 


(From the Department of Biochemistry and Nutrition, Virginia Polytechnic Institute, 
Blacksburg, Virginia) 


(Received for publication, September 3, 1957) 


In attempts to elucidate the mechanism of the enzymic hydrolysis of 
cellulose, many investigators have chosen the fungus, Myrothecium ver- 
rucaria, as a source of enzymes (1-7). From these studies, divergent views 
concerning the cellulase of this organism have emerged. Data obtained 
with the ultracentrifuge and by moving boundary electrophoresis (2) indi- 
cated that the action of a single enzyme could account for the complete 
hydrolysis of cellulose to glucose, and other indirect evidence has supported 
the hypothesis of a single enzyme (3). On the other hand, growth studies 
(8), zone electrophoresis (4, 6, 9), and paper and column chromatography 
(10, 11) indicated that multiple factors were involved in the degradation 
of cellulose. 

In the present investigation paper electrophoresis and column chro- 
matography have been utilized to provide further information on the 
process of enzymic hydrolysis of cellulose. 


Materials and Methods 


Enzyme Preparations—The enzymes were obtained by growing M. 
verrucaria (USDA 1334.2) in 2 liter batches. The medium of Saunders, 
Siu, and Genest (1) was modified by replacing the trace elements with 
75 mg. of yeast extract (Difco) per liter of medium. Cellulose (Solka-Floc, 
Brown Company, Berlin, New Hampshire) was added to the medium at 
0.4 per cent. After sterilization, the medium was inoculated with a sus- 
pension of spores. Sterile aeration was provided at a rate sufficient to 
keep the cellulose in suspension during a 2 week incubation period at room 
temperature. 

After microscopic examination for bacterial contamination, the culture 
was filtered through a stainless steel filter. The clear filtrate was then 
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Science Foundation. 
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New York. 

381 





382 B-GLUCOSIDASES OF M. VERRUCARIA 


concentrated about 10-fold in a rotary vacuum evaporator, dialyzed against 
distilled water, filtered through a fine porosity bacterial filter, and further 
evaporated to a 200-fold concentration. These concentrates were used 
for paper electrophoresis and column chromatography and were stored at 
— 18°. 

Substrates—Substrates used included carboxymethylcellulose (CMC), 
water-soluble cellulose dextrins, water-insoluble cellulose dextrins, cello- 
biose, and several aryl-8-glucosides. 

Carboxymethyleellulose with a degree of polymerization of 125 and a 
degree of substitution of 0.88 was used as substrate in reducing sugar de- 
terminations, and CMC of a degree of polymerization of 200 and a degree 
of substitution of 0.82 was used in the viscosimetric determinations. At 
the time the experiments were conducted, the rate of hydrolysis of CMC by 
cellulolytic enzymes was believed to be independent of the degree of poly- 
merization. Under conditions of the assays, the results of viscosimetric 
and reducing sugar assays were proportional, and the same condition pre- 
vailed for cellulase from other sources (12). The physical characteristics 
of the two CMC preparations, however, were such that reducing sugar 
determinations were simpler with the substrate of a low degree of poly- 
merization, and viscosimetric measurements were more convenient with 
the substrate of a higher degree of polymerization. 

Soluble and insoluble cellulose dextrins were obtained from an acetolysate 
of cellulose; the acetates of the dextrins were prepared as described by 
Dickey and Wolfrom (13), and they were deacetylated with sodium 
methoxide (14). The free sugars were extracted exhaustively with water. 
The undissolved residue constituted the insoluble dextrins. The aqueous 
extract contained, in addition to glucose and cellobiose, the soluble members 
of the cellulose series. On paper chromatograms the insoluble dextrins, 
whose probable degree of polymerization range was 10 to 30, were com- 
pletely immobile. Glucose and cellobiose were removed from the soluble 
dextrins by chromatography on charcoal-Celite (15). Whitaker (14) 
has separated the individual members of the series by this method, but this 
laboratory has been unable to achieve complete resolution of the higher 
members. Consequently, the column (9 X 30 cm.) was washed with water 
to remove glucose, 10 per cent ethanol to remove cellobiose, and 50 per cent 
ethanol to remove the dextrins as a group. Upon chromatography, the 
trisaccharide appeared to be missing, and the solution appeared to contain 
the tetra-, penta-, hexa-, and possibly the heptasaccharide. 

Cellobiose and various aryl-8-glucosides were obtained from commercial 
sources. 4-O0-8-p-Glucopyranosyl-p-sorbitol was prepared by reducing 
cellobiose with sodium borohydride in aqueous solution by the procedure 
of Whelan and Morgan (16). 
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Fractionation of Crude Filtrates—Whatman No. | filter paper was used 
as the supporting medium for the paper electrophoresis. The internal 
temperature of the apparatus (model No. E-800-2 migration chamber, 
Research Equipment Corporation, Oakland, California) was 12° and the 
experiments were conducted in diethylbarbiturate buffer, pH 8.55, at ionic 
strength 0.06. Phosphate (pH 7.0) and acetate (pH 5.0) buffers were of 
jonic strength 0.05. At pH 8.55 the sample was applied near the cathode 
end of the paper and for neutral and acid pH levels it was applied near the 
center of the paper. Control experiments with serum proteins gave normal 
distribution patterns. 

At the end of the migration period (4 to 10 ma., 6 to 8 hours) the paper 
strips (3 X 56 cm.) were sectioned into 1 cm. strips and assayed for enzyme 
activity. 

For the column chromatography, alkali-swollen cellulose was used as 
adsorbent. Whatman No. 1 ashless chromatographic cellulose powder 
was soaked in 35 per cent NaOH (6 ml. per gm. of powder) for 30 minutes 
under an atmosphere of nitrogen, filtered, and washed thoroughly. The 
slurry of cellulose was poured into the column (3 X 20 cm.) until the height 
of the packing was 15 cm. (18 gm. of dry cellulose). Before being used, 
the column was washed with several liters of distilled water and 1 liter of 
0.02 m citrate buffer (pH 3.0). After the enzyme was placed onto the 
column, it was eluted with phosphate-citrate buffers of increasing pH and 
ionic strength. The pH change was accomplished by addition of 1 liter 
of 0.04 m disodium phosphate into 1 liter of 0.02 m citric acid (adjusted to 
pH 3.0) with a Parr type mixer (17). The column was washed with a 
final 500 ml. of 0.04 m disodium phosphate. Fractions of 50 ml. each were 
collected and immediately adjusted to pH 6.4. The pH of the eluate 
changed approximately linearly from 3.0 to 8.7 in the course of the elution. 
The effluent fractions were analyzed for protein and assayed for enzyme 
activity with various substrates. 

Enzyme Assay Procedures—In assaying sections from paper electrophero- 
grams for cellulase, the 1 cm. strips were placed in 2.0 ml. of 0.05 per cent 
CMC (degree of polymerization 125) in 0.1 M acetate buffer, pH 5.0. They 
were incubated for times that varied according to the activity of the 
samples. The enzymic action was terminated by the addition of 2.0 ml. 
of the Somogyi copper reagent (18). On addition of 2.0 ml. of Nelson’s 
arsenomolybdate reagent (19), the unhydrolyzed substrate precipitated 
from solution. The solution was diluted to 10 ml. and an aliquot of the 

supernatant solution was used for determination of optical density at 505 
mu. The reducing values (as glucose) were converted to arbitrary units 
of enzyme by relating the activity to a standard filtrate of high activity. 
The activity of the enzyme was slightly decreased by the presence of the 
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filter paper, probably as a result of adsorption of the enzyme on the filter naj 
paper and its consequent inavailability to the CMC substrate. cul 

Initially, it was believed that only one §-glucosidase (cellobiase) was ‘ 
present in culture filtrates of M. verrucaria and that the hydrolysis of any teil 
aryl-8-glucoside would serve as a measure of its concentration (8). How- ] 
ever, in the course of the study it was found that these filtrates contained sur 
enzymes which hydrolyzed various aryl-8-glucosides but which did not wa 
hydrolyze cellobiose. In addition, the filtrates contained cellobiase, which wit 
may or may not hydrolyze the aryl-8-glucosides also. Jermyn (20) ob- acl 
served a similar type of enzyme in culture filtrates of Stachybotrys atra. per 


The substrate used for the estimation of aryl-8-glucosidase was 6-bromo- 
2-naphthyl-8-p-glucopyranoside prepared as described by Cohen et al. (21). 


The original method was modified by using diazotized sulfanilic acid as ] 
the coupling agent instead of tetrazotized o-dianisidine, since the resulting | _ tity 
dye is water-soluble, thereby eliminating the necessity of the extraction lot 
step in the assay. tio 

The 1 cm. paper strips from the electropherogram were placed in 4 ml. pec 
of the substrate solution (100 y per ml. in 0.05 m acetate buffer, pH 5.0, ner 
with a methanol concentration of 20 per cent), and were incubated at 37° con 
for times that varied according to the activity of the sample. Enzyme | _ filt 
action was terminated by boiling or, when phosphate and acetate buffers : hot 


were used in electrophoresis, by addition of HgCle to give a 0.004 m solu- 
tion. 1 ml. of 0.3 m phosphate buffer, pH 7.3, and 1 ml. of 0.1 per cent diff 


diazotized sulfanilic acid were added to the samples. After dilution to } tice 
10 ml., the concentration of the water-soluble dye was determined at a | ) 
wave length of 455 my. Arbitrary enzyme units were calculated from the | unc 
concentration of 6-bromo-2-naphthol. / res 

The fractions from column chromatography were assayed for their exp 
ability to liberate reducing sugars and to decrease the viscosity of CMC. Fig 

For the reducing sugar determinations, 0.5 ml. of each fraction was { ana 


added to 4.5 ml. of 3.33 per cent CMC (degree of polymerization 125) in whi 
0.05 m acetate buffer, pH 5.0. The samples were incubated at 50° for 2 but 


hours, and aliquots were analyzed for reducing sugars by the procedure of and 
Somogyi (18). I 
The viscosimetric assay was executed by adding 0.2 ml. of each fraction glu 


to 4.0 ml. of 0.1 per cent CMC (degree of polymerization 200) in 0.05 ™ imn 
acetate buffer, pH 5.0, in an Ostwald type viscosimeter. The initial | of t 


drain time and that after incubation at 28° for 30 minutes were recorded. | A 
Specific fluidities were calculated as described by Thomas (22). 8-gl 
In assays of aryl-8-glucosidase in column fractions, 1 ml. aliquots were at | 


incubated with 4 ml. of the 6-bromo-2-naphthyl-8-p-glucoside substrate | Wer 
of Cohen et al. (21) at 37° for 2 hours. From the amount of 6-bromo-2- | T 
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naphthol liberated, the percentage decomposition of substrate was cal- 
culated. 

The method of Lowry et al. (23) was used for the determination of pro- 
tein, crystalline bovine serum albumin (Armour) being used as a standard. 

Paper Chromatography—Whatman No. | filter paper was used as the 
supporting medium in a descending system. The solvent was isopropanol- 
water-glacial acetic acid (6:3:1 v/v/v). Reducing sugars were located 
with either aniline-diphenylamine-phosphate (24) or p-aminohippuric 
acid-phthalate (25). Non-reducing carbohydrates were located with 
periodate and benzidine (26). 


Results 


Paper Electrophoresis—Considerable variation in the number and quan- 
tity of cellulase components was found after electrophoresis of different 
lots of the enzyme. Possible causes of this variability include: (a) elabora- 
tion of different proportions of the components by the organism due to 
peculiar conditions of growth; (b) selective adsorption of enzymic compo- 
nents on residual cellulose of the medium; and (c) partial denaturation of 
components in the course of preparation. Results obtained with four 
filtrates subjected to paper electrophoresis at 500 volts at pH 8.55 for 6 to 7 
hours are shown in Fig. 1. As reported by Miller and Blum (6), the pat- 
terns were reproducible for each filtrate. The organisms were grown at 
different times, but as far as is known the conditions for growth were iden- 
tical. 

Maximal separation of the components occurred between 6 and 7 hours 
under these conditions. Extended migration periods did not improve the 
resolution and there was a decrease in activity as a result of the longer 
exposure to the alkaline pH. The electrophoretic patterns included in 
Fig. 1 were selected to illustrate the maximal diversity observed during 
analysis of many filtrates. The extreme heterogeneity of the cellulases 
which is suggested by the pattern of Filtrate 1 was encountered frequently 
but not always, as seen by comparison with Filtrates 2,3, and 4. In these 
and other filtrates studied, some of the cellulase was immobile on the paper. 

In all filtrates there was a minimum of three fractions possessing aryl-s- 
glucosidase activity. Two of the peaks were mobile and the third was 
immobile. A fourth peak is evident in Filtrate 2. Whether any or all 
of these peaks will hydrolyze cellobiose has not been established. 

At pH 7.0 and below, there was no resolution of either cellulase or aryl- 
8-glucosidase. Results obtained from one filtrate subjected to 500 volts 
at pH 7.0 for 6 hours are shown in Fig. 2. Results obtained at pH 5.0 
were essentially the same as those at pH 7.0. 

The differences between the mobile components of cellulase and aryl- 
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8-glucosidase suggest that they depend upon different proteins for their 
activity. The immobile peak contained both activities, but these were 
distinguishable on the basis of their thermostability. Duplicate electro. 
pherograms were prepared at pH 8.55 and one was assayed for activity as 
previously described. The other was held at 80° for 10 minutes in a 
water-saturated moisture chamber and then assayed in an identical fash- 
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Fig. 1. Paper electrophoretic separation of cellulases and aryl-8-glucosidases ob- 
tained from crude filtrates of M. verrucaria (barbital buffer, pH 8.55; » = 0.06; 10 
volts per cm.; temperature, 12°). 


ion. The results are shown in Fig. 3. The aryl-8-glucosidase was com- 
pletely inactivated by heat, whereas the cellulase was only partially in- 
activated. The data suggest that the activities are dependent on different 
proteins. In agreement with other workers (3), the cellulase of M. ver- 
rucaria was found to be unusually thermostable. Negative control solu- 
tions of the enzyme were routinely autoclaved because boiling did not 
completely inactivate the enzyme. 

Column Chromatography—The concentrated culture filtrate (equivalent 
to a liter of Filtrate 2, Fig. 1) was added to the top of the column and eluted 
as described. The fractions were tested for their ability to liberate redue- 
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ing sugars and to increase the fluidity of CMC, and to hydrolyze soluble 
and insoluble cellulose dextrins, cellobiose, and an aryl-6-glucoside. 

The changes in the pH of the effluent and the distribution of protein are 
shown in Fig. 4. The bulk of the protein was eluted in Fraction 3, and 
represents a mixture of proteins having little affinity for the cellulose ad- 
sorbent at pH 3.0. In addition to the carbohydrases active on 6-glucosidic 
bonds, this fraction also contained an a-glucosidase that hydrolyzed mal- 
tose. 
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Fic. 2. Paper electrophoretic behavior of cellulases and aryl-8-glucosidases in 
crude filtrates at pH 7.0; (potassium phosphate buffer, pH 7.0; 1 = 0.05; 10 volts per 
em.; temperature, 12°). 


Fic. 3. Effect of heat on cellulase and aryl-8-glucosidase after electrophoretic 
migration; (barbital buffer, pH 8.55; 1 = 0.06; 10 volts per cm.; temperature, 12°). 


Each of the fractions was tested qualitatively for ability to hydrolyze 
cellobiose, water-soluble cellulose dextrins, and water-insoluble cellulose 
dextrins by paper chromatographic examination of the reaction products. 
The substrate (1 per cent) was incubated at 37° with aliquots of the frac- 
tions in toluene-saturated 0.01 m acetate buffer, pH 5.0. Aliquots were 
removed periodically and subjected to paper chromatography. Hydrolysis 
of the substrate was confirmed by the presence of the cellobiose and glucose 
on the chromatograms. Extended periods were used to compensate for 
low concentrations of enzyme (Table I). The number of plus signs 
indicates relative spot intensity. The first ten fractions are listed indi- 
vidually, but the later fractions are grouped where quite similar results 
were obtained for several fractions. 
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Cellobiase activity was confined to Fractions 3 through 6 and in each cellob’ 
case the appearance of glucose was accompanied by the formation of higher 
saccharides, presumably by transglucosidation. On prolonged incuba. 
tion these reversion products were hydrolyzed completely to glucose. 
Hydrolytic activity toward the soluble dextrins as evidenced by glucog 
and cellobiose formation was not eluted completely until the twenty-fifth | Chrom 
fraction. Cellobiose was the predominant product from the soluble dextrip 
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Fic. 4. pH and distribution of protein in the fractions obtained by column chro- 10 
matography. The column was 3 X 15 cm., containing 18 gm. of cellulose swollen in 1l- 
35 per cent NaOH, washed, and equilibrated against 0.02 m citrate buffer at pH 3.0. 16- 
The enzyme was eluted with 2.5 liters of citrate buffer starting at 0.02 m and pH3,| 21- 
and changing linearly to 0.04 m and pH 8.7. Fractions of 50 ml. each were collected. | 26- 
Other experimental details appear in the text. os 
3 
P i ‘ . 41- 
Enzymes active on the insoluble dextrins continued to appear through ‘ 46- 


Fraction 47. Glucose and cellobiose were produced in approximately the 48- 
same amount. Most of the fractions accumulated sugars with R, values — 
greater than 0.05 which are listed as ‘‘Mobile saccharides” in Table I. 

At the time of sampling shown in these data, enzymes present in Frae- The 
tion 3 had hydrolyzed both the soluble and the insoluble dextrins to glu each | 
cose, but at shorter sampling periods cellobiose was produced from both &nzyn 
substrates. on lar 

The significant points in the data in Table I follow: (a) cellobiase activity) temn 
was restricted to a few fractions; (b) the cellobiase fractions were the only} the p: 
ones catalyzing the formation of higher saccharides from cellobiose; (| At 
the enzymes attacking substrates of increasing chain length were eluted chang 
progressively more slowly; (d) glucose was produced in the absence dj of act 
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cellobiase in the later fractions; and (e) intermediate dextrins accumulated 
to detectable levels in fractions which contained no reverting activity 
against cellobiose. 


TABLE I 


Chromatographic Analysis of Products from Hydrolysis of Low Molecular Weight 
Substrates by Fractionated Cellulases of M. verrucaria (cf. Fig. 5) 


Blank spaces indicate the absence of detectable amounts. 


| 





























Substrate 
Insoluble cellulose dextrins Soluble cellulose dextrins Cellobiose 

Fraction 
Nos. Products 

| ’ 

| x... w Cellobiose | Glucose | Cellobiose | Glucose | Glucose | Cellotriose 

} } 
1 | | | | 
| | 
3 | | ++ | ++ | ++] +4 
4 | + ++ | + ++ | + ++ | + 
5 > ++ | ++ ++ | + + + 
6 5 ++ | ++ ++ | Trace + - 
7 + 7) + ++ | * 
8 + a Bee an ee 
9 ~ ae + * |} 3 
10 + ++ | ++ | +4 + 
11-15 + ++ | +4 ++ + | 
16-20 + ++ | ++ - Traces 
21-25 + 7; ) or Traces ™ 
26-30 . ++ | ++ 
31-35 + | +4 ] + 
36-40 + | ++ | Traces 
41-45 + ++ | « 
46-47 + + 
48-50 | 

















The results of the hydrolysis of CMC of chain length 125 and 200 by 
each of the fractions is shown in Fig. 5. Again it can be seen that the 
enzymes active on shorter chains are eluted more readily than those active 
on larger molecules. Presumably, those components of the cellulase sys- 
tem most active on even larger substrate molecules remained in the column, 
the packing of which was solid cellulose. 

At first inspection the rapid liberation of reducing sugars and the small 
change in viscosity in the earlier fractions, together with the reverse ratio 
of activities in the later fractions, might suggest the presence in the crude 
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filtrate of two types of enzyme: one (eluted readily) attacking the cellulose 
chain in an endwise manner, the other (more slowly eluted) cleaving the 
chain in a random fashion. However, the difference in degree of polymeri- 
zation of the two substrates and the demonstration that the two assays 
gave proportional estimates of activity with filtrates of this organism make 
such an interpretation seem improbable. It seems more likely that the 
curves obtained are a reflection of the fractionation of enzymatically active 
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Fig. 5. Hydrolysis of carboxymethyleellulose by fractionated 8-glucosidases of 
M. verrucaria. The concentration of protein in the fractions is shown in Fig. 4. 
Substrates of degree of polymerization (DP) 200 and 125 were used in the viscosimet- 
ric and reducing sugar assays, respectively. 

Fig. 6. Distribution of aryl-8-glucosidase in fractions from the cellulose column 
(cf. Fig. 4). Assays were conducted with 6-bromo-2-naphthyl-8-p-glucopyranoside 
being used as the substrate. 


proteins on the column on the basis of their specificity for substrate chain 


length. 
The activity of enzymes in the fractions eluted from the cellulose column 
toward 6-bromo-2-naphthyl-8-p-glucoside is shown in Fig. 6. An aryl-| 
6-glucosidase, which was not a cellobiase, was eluted from the column in| 
Fractions 20 to 35 (compare Table I and Fig. 4). When subjected to paper 
electrophoresis at pH 8.55 as previously described, the ary]-8-glucosidas | 
in Fraction 3 exhibited a distribution pattern which was virtually identical 
to those shown for the original filtrate (Filtrate 2 in Fig. 1). The aryl-+ 
glucosidase in Fraction 23 exhibited a single peak in paper electrophoresis. 
However, this peak did not migrate from place of application on the papet. 
The first aryl-6-glucosidase peak coincided with the cellobiase peak and 
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lulose may contain enzymes active on both substrates. However, Fraction 2 
ng the from the column which was active on the aryl-8-glucoside was inactive on 
ymeri- _¢ellobiose. 
assays Transglucosidase Activity of Cellobiase Fractions—Transglucosidases 
.make have been reported in culture filtrates of M. verrucaria (27), but before the 
at the present column chromatography experiments this laboratory had been 
active ynable to confirm these reports. Presumably, the removal of some of the 
hydrolases on the column allowed the products of the transglucosidase to 
accumulate to detectable levels. Only those fractions which contained 
cellobiase contained transglucosidase. 
— When the enzymes in Fraction 3 were incubated with a 10 per cent solu- 
tion (w/v) of cellobiose at pH 5.0, sugars through at least the hexasac- 
} charide were produced. Small quantities of each sugar were recovered by 
lf strip-paper chromatography (Whatman 3MM paper) and, when rechro- 





| TABLE II 
if Rr Values of Higher Saccharides Synthesized from Cellobiose 
Sugar Rr | log (= _ 1) 
ai cies _——_$—$ | — 
Cellobiose i _— 0.63 —0.229 
Cellotriose? . 0.53 —0.051 
ER Cellotetraose? . . 0.42 0.140 
| Cellopentaose?. 0.33 0.310 
idases of ) Cellohexaose?.... 0.26 0.455 
——— es Be eee ee a 
scosimet- 


matographed on Whatman No. 1 paper as previously described, the Rr 

e column} values in Table II were obtained. 

yranoside It has been reported (28) that the aniline-diphenylamine-phosphoric 

acid reagent gives distinctive colors with the isomeric 6-glucosides. This 
_ | Teagent gives a brown color with gentiobiose (6-1,6), a blue color with 

ite i cellobiose (6-1,4), a light olive brown with laminaribiose (6-1,3), and a 

pinkish yellow with sophorose (6-1,2). All of the sugars produced by the 





a D 3 . . . 

-~— transglucosidase of M. verrucaria gave blue colors, suggesting that these 
a ary” | sugars are members of the homologous series of cellulose dextrins. 

olumn in 


Assuming that the sugars are members of the homologous cellulose 
to papel) dextrin series, it is of interest to note that, when log [1/Rr — 1] (29) is 


acosidast | plotted against the probable degree of polymerization of the sugar, a 
identical straight line results for the series. An analogous situation is found in the 
e aryl homologous series of maltodextrins (30). 

— Sorbitol and a non-reducing sugar alcohol containing three hexose units 
e . 


were produced when the transglucosidase was allowed to act on the re- 
duction product of cellobiose, 4-O-8-p-glucopyranosyl-p-sorbitol. Al- 
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though the sugar alcohol has not been characterized, it appears to be the 
reduction product of cellotriose. The formation of this compound indj- | 
cates that it is the non-reducing moiety of the cellobiose molecule that js 
transferred in the transglucosidation reaction. 


DISCUSSION 
The formation of higher saccharides from the insoluble cellulose dextring j 
provides further support for the random cleavage hypothesis. An end- ' 
cleaving cellulase would not produce the intermediate sugars. The sugars, f 
which were produced in fractions devoid of transferring activity on cello- 
biose, are believed to be unsubstituted sugars because the complete hydroly.- ' 
sis of the same dextrins to glucose by Fraction 3 demonstrated the suscep- 
tibility of the entire molecule to enzymic cleavage. It was concluded that 
these sugars represent intermediate dextrins, formed as the result of ran- 
dom cleavage of the substrate. 

The formation of glucose from insoluble dextrins in the absence of cel- f 
lobiase indicates that cellobiose is not an obligatory precursor of glucose 
and that the enzyme is capable of removing single glucose units from the 
linear chains. This characteristic, however, may be a property of the 
individual enzyme and substrate because only traces of glucose were pro- 
duced from the soluble dextrins. 

All of the fractions which hydrolyzed cellobiose also accumulated higher 
dextrins. According to Aitken et al. (5), the cellobiase and transglucosidase 
of M. verrucaria are separate enzymes. 

The presence of an enzyme in M. verrucaria filtrates which hydrolyzed 
aryl-8-glucosides but not cellobiose was unsuspected. This aryl-6-glu- 
cosidase appeared to be similar to that which Jermyn (20) isolated from 
culture filtrates of S. atra. Some of the properties of this enzyme will 
be considered in the following paper (31). 


The authors acknowledge with gratitude the critical review of this 
manuscript by Dr. E. T. Reese and Dr. D. R. Whitaker. 


SUMMARY 





Data from paper electrophoretic and column chromatographic investi- 
gations of the 6-glucosidases of Myrothecium verrucaria were indicative of 
a random cleavage mechanism in the degradation of cellulose. Partial 
fractionation of crude filtrates yielded evidence of several enzymes whos 
specificities were dependent on the chain length of the substrate. 

Glucose was liberated from cellulosic substrates by preparations void 
of cellobiase activity, indicating that cellobiose is not an obligatory pre 





cursor of glucose. 
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A transglucosidase synthesized what appeared to be the homologous 
series of cellulose dextrins through at least the hexasaccharide when in- 
cubated with cellobiose as substrate. Evidence was obtained that the 
non-reducing moiety of cellobiose is transferred in the transglucosidation 
reactions. 

During hydrolysis of cellulose dextrins, higher saccharides accumulated 
in the absence of transglucosidase, indicating that these products were the 
result of random cleavage of the cellulose molecule. 

An aryl-8-glucosidase, which was inactive on cellobiose, exhibited mul- 
tiple components when examined by paper electrophoresis. 
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SOME PROPERTIES OF AN ARYL-6-GLUCOSIDASE FROM CUL- 
TURE FILTRATES OF MYROTHECIUM VERRUCARIA* 


By JOHN H. HASH{ anp KENDALL W. KING 


\(From the Department of Biochemistry and Nutrition, Virginia Polytechnic Institute, 
Blacksburg, Virginia) 


(Received for publication, September 3, 1957) 


In an investigation of the cellulase system of the fungus, Myrothecium 
iverrucaria (1), it was established that culture filtrates of the organism con- 
‘tained an enzyme which hydrolyzed aryl-8-glucosides but not cellobiose. 
An enzyme of this nature has not previously been reported for M. verru- 
icaria; therefore, some of its properties have been investigated. Jermyn 
(2-4) reported a similar aryl-6-glucosidase in culture filtrates of Stachy- 
botrys atra and has studied its properties extensively. The enzyme has 
been found to exhibit glucotransferase activity similar to that observed 
in higher plants by Takano (5) and Courtois and Leclere (6). 





Materials and Methods 


Enzyme Preparations—Culture filtrates of M. verrucaria were prepared 
and chromatographed on an alkali-swollen cellulose column as previously 
described (1). Enzymes active on aryl-8-glucosides were eluted in two 
peaks. The first peak contained a variety of enzymes and the aryl-6- 
glucosidase activity exhibited multiple components after paper electro- 
phoresis. The second peak (Fractions 18 to 40) was the one used in this 
investigation. This preparation was free from cellobiase activity and 
exhibited a single component after paper electrophoresis. The aryl-8- 
glucosidase preparation was not entirely free from cellulase; however, the 
two activities could be readily distinguished by the thermal instability of 
| the former. 

Substrates and Methods for Estimating Enzyme Activity—All of the ary]- 
| s-glucosides used in this investigation were obtained from commercial 
sources. Both the glucone and aglucone portions of the molecule were 
determined in the assays. The glucosides and the reagents used for esti- 
mating their decomposition products are listed in Table I. Glucose from 


* From the dissertation for the degree of Doctor of Philosophy of Dr. J. H. Hash 
submitted to the faculty of Virginia Polytechnic Institute. Portions of this work 
were reported before the Federation of American Societies for Experimental Biology, 
1956-57. This work was supported in part by a grant-in-aid from the National 
Science Foundation. 
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p-nitrophenyl-8-p-glucoside could not be estimated by the alkaline copper} a pur 
method because of the instability of the parent glucoside, but the benzidine excess 
reagent of Jones and Pridham (7) proved very useful for estimating glucose 

from this compound. The reagent, a solution of benzidine in glacial 
acetic acid, did not hydrolyze the parent glucoside but was sufficiently | Pa 
acid to suppress the ionization of p-nitrophenol. The concentration of 6 hou 
p-nitrophenol was estimated from the optical density of the yellow p.| (3X 
nitrophenylate ion in 2.5 per cent KzHPO,. Diazotized sulfanilic acid was} 44 pl 
routinely used for the estimation of 6-bromo-2-naphthol. However, it | not 1 
was observed later that the Folin-Ciocalteu reagent is satisfactory if the | were 
reagents are warmed just before use, thereby preventing precipitation. pH le 
Low protein concentrations which occurred in the enzymic preparation 




















NZyI 
resulted in negligible blanks and made the Folin-Ciocalteu reagent espe- single 
cially valuable for the estimation of the various phenolic aglycones. Fai 

pH le 

TABLE I of the 

Reagents Used for Estimation of Decomposition Products of Aryl-8-glucosides em.) 
Glucoside | Method for glucose | Method for aryl alcohol brate 
SS Se 4 hou 
6-Bromo-2-naphthy1-8-p-gluco-| Nelson-Somogyi (8, 9) | Sulfanilie acid (1) throu 
side | 20 ul 
Pheny1-8-p-glucoside | a (8,9) | Folin-Ciocalteu (10) ‘A e 
Salicin “ (8,9) | “ (10) °Y st 
p-Nitrophenyl-8-p-glucoside | Benzidine (5) | K:HPO, (2) | buffe 
a+ =  - -________ --___— _ were 

Th 


After the pH optimum of the enzyme was established at 5.35, the pH 4, 6 
of the reaction mixture was maintained with either the phosphate-citrate jy), 
buffer of McIlvaine (11) or with 0.05 m acetate buffer. The substrate (13), 
concentration was 0.005 M, with the exception of 6-bromo-2-naphthyl--  son¢ 
p-glucoside, which was used at one-tenth of this concentration because of | 4, au 
its limited solubility. anR 

Paper Electrophoresis—Conditions for paper electrophoresis were the 4g, 
same as previously described (1). In addition to diethyl barbiturate buffer 9.4,, 
of ionic strength 0.06 (pH 8.55), phosphate (pH 7.0), acetate (pH 5.0), 4. ge 
and phthalate (pH 3.0) buffers of ionic strength 0.05 were used. Anal tri, 
ternative method for more rapid qualitative location of the enzyme on the| f..44 
electropherogram was adopted. The paper was sprayed with a solution 


tivel 
of 200 y per ml. of 6-bromo-2-naphthyl-6-p-glucoside in acetate buffer 


droly 


sufficiently concentrated to make the final pH of the paper approximately} tho ¢ 
5. After a 30 minute incubation in a moist atmosphere at 50°, the paper) o¢ it, 
was sprayed with 5 per cent NaHCO; and 0.1 per cent tetrazotized o-diani- | the ¢ 
sidine (12). The position of the enzyme was revealed by the formation of on ps 
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copper} , purple azo dye. A permanent record was obtained by washing out the 
izidine | excess reagents with distilled water. 
zlucose 
glacial Results 
ciently | Paper Electrophoresis of Enzyme—At pH 8.55 and 10 volts per cm. for 
tion of} § hours, the enzyme gave a single spot of activity on the electropherogram 
low p-| (3 X 50 cm.). However, the enzyme did not migrate from the origin. 
cid was | At pH 7.0, 5.0, and 3.0 there was likewise a single spot of activity that did 
‘ver, it} not migrate. All of the mobile components of the aryl-8-glucosidase which 
y if the | were present in the initial crude filtrates (1) were absent at all of the above 
itation. | pH levels. The enzyme preparation was considerably purer than the crude 
aration | enzyme mixture, and the probability that the activity was the result of a 
it espe- | single protein is increased. 
S. Failure of the enzyme to migrate during electrophoresis on paper at 
pH levels of 3.0, 5.0, 7.0, and 8.55 appears to be the result of strong binding 
of the enzyme by the paper. Strips of the Whatman 3MM paper (2 X 30 
em.) were placed in typical descending chromatographic jars and equili- 
‘Icohol brated with the buffers of pH 3.0, 5.0, and 8.55 used in electrophoresis for 
4hours. Buffer was then placed in the solvent trays and allowed to pass 
| (1) through the papers. When the solvent front had just passed the origin, 
20 ul. samples of the concentrated enzyme or 200 ul. (0.5 mg.) samples of 
- crystalline bovine serum albumin were applied to the origin. When the 
' buffer had moved a total distance of 25 cm. from the origin, the papers 
——_—} were removed and cut into 1 em. sections. 

The distribution of aryl-8-glucosidase along the papers was determined, 
the 6-bromo-2-naphthyl-glucoside substrate being used (1); bovine serum 
albumin distribution was determined by the biuret procedure of Layne 
(13). The bovine serum albumin migrated quantitatively at the solvent 
front in all three buffers. In contrast, the aryl-6-glucosidase remained at 
the origin at pH 3.0 and 5.0, while at pH 8.55 the enzyme migrated with 
an Ry of 0.08. 

Substrate Preference—The aryl-6-glucosides in Table II are arranged in 
order of the ease with which they are hydrolyzed by the aryl-8-glucosidase 
as determined by phenol liberation as shown in Table I. With crude fil- 
trates the order was somewhat modified, salicin being hydrolyzed slightly 
faster than phenyl-8-p-glucoside. With both intact filtrates and the rela- 
tively pure aryl-6-glucosidase, 6-bromo-2-naphthyl-8-p-glucoside was hy- 
drolyzed many times faster than any of the other substrates. In most of 
the experiments, p-nitrophenyl-8-p-glucoside was used as substrate because 
€ paper! of its greater solubility and the ease of analysis for the products. Only 
o-dian- | the 6-bromo-2-naphthy1-8-p-glucoside substrate was used in experiments 
ation of} on paper electrophoresis. 
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Hydrolase and Transferase Activity—To increase the solubility of 6. 
bromo-2-naphthyl-8-p-glucoside, methanol was routinely included in the 
reaction mixture as recommended by Cohen et al. (12). In the course of| 
the investigation, it was found that the methanol was an active he 
of the system, the enzyme transferring the glucose from the various aryl. 
B-glucosides to methanol. 

The decomposition of p-nitrophenyl-6-p-glucoside in the presence and} 
absence of methanol is shown in Fig. 1. A great deal more of the substrate 
was decomposed in the presence of methanol, yet the same amount g| 
glucose was liberated in both cases. The liberation of glucose was linear 
over the period studied while the liberation of p-nitrophenol in the presence 
of methanol followed first order kinetics. These data appear to indicate 
that the hydrolase and transferase activities are independent functions, 
possibly involving two separate enzymes. 


TABLE II 


Relative Decomposition Rates of Aryl-B-glucosides 








—— ff 











B-Glucoside Substrate molarity Relative Cocumpasttion 
6-Bromo-2-naphthyl-8-p-glucoside....... 5 X 10-4 | 100 
p-Nitrophenyl-8-p-glucoside........... 5 X 10-3 17 
Phenyl-8-p-glucoside.................. ; 5 X 10-3 5 
0S ee ere See ee ciara ener a 5 X 10-3 2 





Effect of Methanol Concentration—The effect of methanol concentration 
on the decomposition of 6-bromo-2-naphthyl-6-p-glucoside and _p-nitro- 
phenyl-8-p-glucoside by the aryl-8-glucosidase is shown in Fig. 2. With 
6-bromo-2-naphthyl-8-p-glucoside, there is an optimum at 3 m methanol. 
However, with p-nitrophenyl-8-glucoside the enzyme has a marked tol- 
erance for the alcohol and is most active at 7M methanol. It is not known 
whether the difference implies separate enzymes or whether the substrate 
and products of the two compounds influence the stability of the enzyme 
in the presence of high concentrations of methanol. 

Transfer Product with Methanol—In order to ascertain whether the glu- 
cosidic linkage was inverted or retained during the transfer reaction, the 
product of transfer between salicin and methanol (3 m) was isolated. Sali 
cin was used as substrate because of its greater availability. 

The course of the reaction was followed until the substrate (0.01 mole 
was 88 per cent decomposed, at which time 81 per cent of the glucose had 
been transferred. The enzyme was inactivated by heating, and the reat- 
tion mixture was concentrated under reduced pressure. Saligenin wi 
removed from the mixture by exhaustive extraction with ether. The 
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course of the purification was followed by chromatographing the mixture 
on Whatman No. 1 paper in isopropanol-water-glacial acetic acid (6:3:1, 
v/v/v). The compounds were located on the papers with the reagents 
of Wolfrom and Miller (14). This solvent system gave a good separation 
of the four compounds. 

The aqueous solution, concentrated to a small volume, was placed on a 
charcoal-Celite column (3 X 21 em.) (15). Glucose and methyl glucoside 
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Fig. 1. Decomposition of p-nitrophenyl-8-p-glucoside in the presence and absence 
of methanol. 

Fic. 2. Effect of methanol concentration on the decomposition of two aryl-6- 
glucosides. Per cent decomposition is the percentage of substrate decomposed and 
is equal to (micromoles of aryl alcohol liberated/micromoles of substrate X 100). 
Per cent transfer is the percentage of glucose transferred and is equal to (micro- 
moles of aryl aleohol — micromoles of glucose/micromoles of aryl aleohol X 100). 


were eluted with water and salicin remained on the column. The glucose 
was removed from the mixture by oxidation with iodine in methanolic 
KOH (16). The insoluble potassium gluconate was removed by filtration 
and the inorganic ions were removed by cation (Dowex 50) and anion 
(Duolite A-4) exchange resins. 

The solution was concentrated under reduced pressure to a thick syrup, 
which was warmed with a small quantity of absolute alcohol. On cooling, 
crystals were deposited. The compound was recrystallized from absolute 
alcohol, dried in vacuo over P:Os, and had the following properties. The 
crystals were coarse and granular and had a melting point of 104-105° 
(uncorrected), and an [a]>? of —34.5° (water, c = 2). The corresponding 
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literature values for 8-methyl glucoside are m.p. 105° and fa}? —34.2° 
On paper chromatograms the methyl glucoside gave only one spot which 
corresponded to the authentic compound. Therefore the 8 configuration 
is retained when the glucose is transferred from aryl-6-glucosides to metha- 
nol. 

Acceptor Specificity—Fourteen compounds, including primary, second- 
ary, tertiary, and sugar alcohols, were tested for their ability to accept 








glucose from aryl-8-glucosides. The results with p-nitrophenyl-s-p. 
TaBLeE III 
Acceptor Specificity of Aryl-B-glucosidase 
Acceptor gr Decomposition at 
per cent per cent 

I eas 5 Pn Jo titer cdi raalde esi 13 

I Rh tS gd aia 5 ok Sen y wa paige 3.0 25 64 
I c-r. an OR EEING AS PIMs bist alco ine aod 2.0 26 49 
NN cree FS eC pasa wivis) och a aE Ove ares 3 1.0 21 42 
Ns i) Grok ew hac b te a canoe cnlaias 1.0 16 0 
EIR ato eae, ee ene ee 1.0 30 57 
0 So dic ed dig odes Ge wis aia hey 1.0 25 0 
EE igs tana a saree cleanses ee enters 0.2 34 65 
EN dg ara ding wee eau Noes ame 0.2 19 0 
Ethylene glycol monomethy] ether.......... 2.0 21 16 
A 1.0 24 51 
I as 6ai 4 3dke a GPs noe G os ie Senda ww aae 1.0 10 0 
EER Sree ae ae Meo Pa en ee 0.2 14 0 
glk ca 6 yslgS lg sar gthd tale Seco Oma sa a 0.2 14 14 
I as A A ig cute cs Pata scainis ia 0.2 15 20 














The terms per cent decomposition and per cent transfer are defined in Fig. 2, 
legend. 


glucoside as substrate are shown in Table III. The conditions for the 

experiments were identical, with the exception that the particular alcohol 

(or alcohol solution) replaced an equivalent amount of water in the reae- | 
tion mixture. A control with only water as acceptor is included for com- 

parison. 

All of the primary alcohols served as glucose acceptors and greatly ac- 
celerated the decomposition of the substrate. The secondary and tertiary 
alcohols accelerated the reaction but did not accept glucose. The sugar 
alcohols, ribitol and mannitol, served as acceptors, whereas sorbitol did 
not. Glycerol did not serve as acceptor and even inhibited the reaction 
slightly. The products of the transfer reaction have not been isolated and 
characterized except in the case of methanol. 
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The preference for alcohol over water as acceptor is demonstrated in 
these data. If the substrate, enzyme, and buffer are ignored, a 3 M metha- 
nol solution is approximately 6 mole per cent methanol. In spite of the 
preponderance of water molecules, 64 per cent of the glucose was trans- 
ferred to methanol. The preference is demonstrated even more forcefully 
in the case of n-pentanol. A 0.2 m n-pentanol solution is only 0.4 mole 
per cent; yet 65 per cent of the glucose was transferred to the alcohol. 


DISCUSSION 


The data presented represent observations made in the course of an 
investigation of the extracellular decomposition of cellulose. It is probable 
that the aryl-8-glucosidase, which is inactive on cellobiose, has no direct 
connection with the enzymic hydrolysis of cellulose. The role that the 
enzyme plays in culture filtrates of M. verrucaria is rather obscure. In 
its natural habitat, the soil, 1. verrucaria would be in contact with aromatic 
glucosides from decaying plants. Presumably, there the function of the 
enzyme would be to liberate glucose from the glucosides for utilization by 
the organism. It appears that the enzyme is constitutive and has been 
retained by the organism, even though it has been cultured for years in the 
absence of aromatic glucosides. The full biological significance of this 
enzyme cannot be ascertained until the entire complement of enzymes 
in culture filtrates of this organism has been resolved and individual func- 
tions have been elucidated. 


Dr. E. T. Reese contributed significantly to this report through his 
provocative correspondence during the work and through critical review 
of the manuscript. One of the reviewers suggested the control experiments 
used in assessing the contribution of adsorption to the electrophoretic 
immobility of the enzyme on paper. 


SUMMARY 


Some of the properties of an aryl-8-glucosidase from culture filtrates of 
Myrothecium verrucaria are presented. The enzyme is not a cellobiase. 
The enzyme transfers the glucose moiety of aryl-8-glucosides to various 
aleohols, which serve as preferential acceptors of the glucose. The product 
with methanol is 6-methyl glucoside. 


BIBLIOGRAPHY 


. Hash, J. H., and King, K. W., J. Biol. Chem., 232, 381 (1958). 
. Jermyn, M. A., Australian J. Biol. Sc., 8, 541 (1955). 

. Jermyn, M. A., Australian J. Biol. Sc., 8, 563 (1955). 

. Jermyn, M. A., Australian J. Biol. Sc., 8, 577 (1955). 

. Takano, K., J. Biochem., Japan, 48, 205 (1956). 


orf- wn 








12. 


13. 


14. 


~ 


15. 
16. 





ARYL-8-GLUCOSIDASE OF M. VERRUCARIA 


. Courtois, J. E., and Leclere, M., Bull. Soc. chim. biol., 38, 365 (1956). 

. Jones, J. K. N., and Pridham, J. B., Nature, 172, 161 (1953). 

. Nelson, N., J. Biol. Chem., 153, 375 (1944). 

. Somogyi, M., J. Biol. Chem., 195, 19 (1952). 

. Official and tentative methods of analysis of the Association of Official Agricul- 


tural Chemists, Washington, 8th edition, 255 (1955). 


. Gomori, G., in Colowick, 8. P., and Kaplan, N. O., Methods in enzymology, (Fi 
, I b BY, | 


New York, 1, 138 (1955). 
Cohen, R. B., Rutenburg, 8. H., Tsou, K.-C., Woodbury, M. A., and Seligman, 
A. M., J. Biol. Chem., 195, 607 (1952). 
Layne, E., in Colowick, 8. P., and Kaplan, N. O., Methods in enzymology, New 
York, 3, 450 (1957). As 
Wolfrom, M. L., and Miller, J. B., Anal. Chem., 28, 1027 (1956). duced 
Whistler, R. L., and Durso, D. F., J. Am. Chem. Soc., 72, 677 (1950). (1). 
Moore, S., and Link, K. P., J. Biol. Chem., 133, 293 (1940). | Hume 
requir 
| enzym 
| a pero 
| strong 
| have | 
has pr 
The 
aerobi 
pheno 
oxidat 
oxidat 


The 
| crease 
mixtul 
measu 
nol, ai 
presse 
from t 
tion o 
optica. 

* Th 
Society 

t Pre 
culture 
Th 

the oxi 

i tris (hy: 
tetraac 





cul- 


Ogy, | 


nan, 


New 


THE OXIDATION OF REDUCED PYRIDINE 
NUCLEOTIDES BY PEROXIDASE* 


By T. AKAZAWA{ anp ERIC E. CONN 


(From the Department of Agricultural Biochemistry, University of California, 
Berkeley, California) 
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A soluble enzyme system which catalyzes the aerobic oxidation of re- 
duced pyridine nucleotides in wheat germ has previously been described 
(1). Peroxidase was shown to be a component of this system. Later, 
Humphreys (2) demonstrated that Mn*? and an unidentified cofactor were 
required for aerobic oxidation of TPNH! in crude preparations of malic 
enzyme from wheat germ. Although no attempt was made to demonstrate 
a peroxidase requirement in this work, the protein preparations used gave 
strongly positive tests for peroxidase. Recently Stern and Johnston (3) 
have investigated a particulate enzyme system in wheat embryos which 
has properties in common with those described by the earlier workers. 

The present study shows that reduced pyridine nucleotides are oxidized 
aerobically in the presence of horse-radish peroxidase, Mn*, and certain 
phenols. The properties of this reaction are compared with those of other 
oxidations catalyzed by peroxidase, and a mechanism accounting for the 
oxidation of DPNH and TPNH is proposed. 


Methods and Materials 


The oxidation of DPNH and TPNH was followed by measuring the de- 
crease in light absorption at 340 mp. The optical density of the reaction 
mixture, complete except for the addition of resorcinol or other phenol, was 
measured initially. The reaction was then started by addition of the phe- 
nol, and readings were taken at intervals of 1 minute. The rates, ex- 
pressed as the decrease in optical density units per minute, were calculated 
from the results observed during the interval of 1 to 6 minutes after addi- 
tion of the phenol. In those instances in which the rate exceeded 0.075 
optical density unit per minute, the rate was calculated from shorter in- 


* This work was supported in part by grants-in-aid from the American Cancer 
Society and the California Division, American Cancer Society. 

} Present address, Biochemistry Laboratory, Nagoya University, School of Agri- 
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‘The following abbreviations are employed: DPN+, DPNH, TPN*, and TPNH, 
the oxidized and reduced forms of the di- and triphosphopyridine nucleotides; Tris, 
tris(hydroxymethyl)aminomethane; CoA, coenzyme A; Versene, ethylenediamine- 
tetraacetic acid; IAA, indoleacetic acid. 
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tervals of 2 or 3 minutes. The spectrophotometric measurements were 
made with a Beckman model DU spectrophotometer at 23°. The blank 
contained all components of the reaction mixture except DPNH or TPNH, | 

DPNH was prepared by enzymic reduction of DPN* and isolated as the 
Tris salt (4). The Tris salt was 89 per cent pure, uncorrected for water | 
content. TPNH was prepared by reduction of TPN*+ with NaS.O, (5), 
Dialyzed crystalline horse-radish peroxidase (RZ = 2.40) was generously | 
provided by Dr. A. C. Maehly. Peroxidase of about 20 per cent purity 
(calculated from light absorption of the protein at 403 my) was purchased | 
from the Worthington Biochemical Corporation. Crystalline beef liver 
catalase was supplied by Mr. B. Burnham. Rattlesnake venom (Crotalus 
adamanteus) was purchased from Ross Allen’s Reptile Institute. Crystal- 
line aleohol dehydrogenase was prepared according to Racker (6). 

Resorcinol (m.p. 109-110°) was recrystallized from benzene; 2 ,4-dichioro- | 
phenol (m.p. 43-45°) was recrystallized from an ethanol-water mixture. 
The o- and p-cresols were redistilled. Hydroxyhydroquinone was prepared | 
by hydrolysis of the triacetate (7) with methanol-HCl (8). Gifts of the 
following compounds are gratefully acknowledged: Dr. H. S. Mason, 4- | 
methyleatechol and dihydroxyfumaric acid; Dr. D. Racusen, 2-chloro-4- 
phenylphenol; Dr. 8. Witkop, p-toluquinol; Dr. B. Voleani, 3-hydroxy- 
anthranilic acid. 


Results 
Demonstration of DPN H Oxidation 


When DPNH was incubated with crystalline horse-radish peroxidase and 
catalytic amounts of Mn* and resorcinol, the reduced coenzyme was rap- 
idly oxidized (Fig. 1). The rate of oxidation of DPNH was proportional 
to the amount of peroxidase employed and was independent of the con- 
centration of DPNH until the concentration of DPNH decreased to 3 X 
10-5 m. If any one of the three components was omitted or if the peroxi- 
dase was denatured by heating at 100°, there was no reaction. 

Fig. 2 shows the dependence of the DPNH oxidation system on the 
presence of oxygen. When the complete reaction mixture was incubated 
in a Thunberg tube in nitrogen (Curve I), little oxidation of DPNH oe- 
curred. Only slow oxidation resulted when, after 14 minutes, the reaction 
mixture was carefully transferred to the spectrophotometer cuvette with- | 
out aeration. Then, at 20 minutes, air was bubbled through the reaction 
mixture for 45 seconds, and rapid oxidation of DPNH occurred. Since the 
amount of DPNH oxidized far exceeded the amount of resorcinol or Mn* | 
added, oxygen must have served as the terminal oxidizing agent. Curve | 
II shows that DPN*+ is formed when DPNH is oxidized. This was estab- | 
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lished when the addition of ethanol and yeast alcohol dehydrogenase at 38 
minutes resulted in the reduction of DPNt. 

The oxidation of DPNH was also followed manometrically. The data 
in Fig. 3 were obtained when 7.6 ymoles of DPNH were incubated in the 
Warburg respirometer in the presence of peroxidase and catalytic amounts 
of resorcinol and Mn*?. The final oxygen uptake corresponded to 0.5 mole 
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Fig. 1. Oxidation of DPNH. The complete reaction mixture contained 0.3 umole 
of DPNH, 0.05 umole of resorcinol, 0.03 umole of MnCl., and 3 y of crystalline horse- 
radish peroxidase in 3.0 ml. of 0.05 m Tris buffer, pH 7.4. The reaction was initiated 
by the addition of resorcinol. The blank contained no DPNH. Peroxidase was in- 
activated by heating at 100° for 30 minutes. 


25 


of oxygen per mole of DPNH. Only slight oxygen uptake occurred when 
any component of the reaction mixture was omitted. 


Properties of DPNH Oxidation System 


The data presented in Figs. 1, 2, and 3 were obtained with dialyzed, 
crystalline horse-radish peroxidase (RZ = 2.40). However, identical re- 
sults were obtained with horse-radish peroxidase of lower purity, and the 
properties of the DPNH-oxidizing reaction were examined in more detail 
with this preparation. Under the conditions described for Fig. 1, TPNH 
was oxidized approximately twice as rapidly as DPNH. The optimal pH 
for the oxidation of DPNH was 6.0. Most of the experiments described 








406 PYRIDINE NUCLEOTIDES 


here, however, were carried out at pH 7.4 in Tris or phosphate buffer be- 
cause of the instability of DPNH at pH values below neutrality. 

An examination of the metal requirement of the DPNH-oxidizing sys- 
tem showed that Mn*? was highly specific. The following cations, when 
tested at 10~° M, were inactive: Ni**, Cdt*, Cu**, Cat, Al**, Fe+8, Mg? 
and Zn**. Only in the case of Co** was there any indication that another 
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Fig. 2. Requirement of DPNH oxidation for oxygen. The complete reaction mix- 

ture was that of Fig. 1. In Curve I, all components except resorcinol were in the 

main compartment of a Thunberg tube which was flushed with Nz. At 0 minute, re- 

sorcinol was added from the side arm. At 14 minutes, the contents of the Thunberg 
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tube were transferred to the cuvette with minimal stirring. At 21 minutes, air was | 


bubbled through the cuvette for 45 seconds. In Curve II, resorcinol was added at 
0 minute. At 35 minutes, the pH was adjusted to 9.0, and 1.68 umoles of ethanol 
and 0.18 mg. of crystalline alcohol dehydrogenase were added to the sample and to 
the blank. All readings were corrected for dilution. 


metal could substitute for Mn*, and in this case anomalous results were 
obtained. In the presence of 10-' M Mn*?, 0.33 umole of DPNH was oxi- 
dized in a period of 20 minutes. In the presence of 10-° m Co*, the initial 
oxidation rate was the same, but the oxidation of DPNH ceased after about 
50 per cent of the DPNH was oxidized. When the concentration of re- 
sorcinol or Co*? was increased 10-fold, no significant change in the extent 
of DPNH oxidation occurred. It was concluded that Cot? was not equiv- 


alent to Mn*?, and no further studies were made. Experiments showed | 


that there was an optimal concentration of 10-* m for Mn* in the DPNE- | 


oxidizing system. At 10-* m Mn, the rate of DPNH oxidation decreased 
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about 50 per cent; at 10-? m Mn**, the oxidation of DPNH was inhibited 
100 per cent. 

In order to obtain some information concerning the mechanism of the 
oxidation of DPNH, we investigated the ability of different phenols to sub- 
stitute for resorcinol. The compounds examined were classified according 
to their action as one of three types: active, inactive, or inactive and in- 
hibitory. ‘Table I, which lists the active phenols, shows that the active 
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Fic. 3. Manometric measurement of DPNH oxidation. In the complete reaction 
mixture, the main compartment of the Warburg vessel contained 0.25 umole of re- 
sorcinol, 0.3 umole of MnCl2, and 12 y of crystalline horse-radish peroxidase (RZ = 
2.40) in 0.08 m Tris buffer, pH 7.4. The side arm contained 7.6 umoles of DPNH 
which were tipped into the main compartment after equilibration. The final volume 
was 3.0ml. The center well contained 0.1 ml. of 5m KOH. 


compounds are phenols which are not readily oxidized to quinones. The 
rates of DPNH oxidation observed when the active phenols were tested at 
a concentration of 1.7 X 10-° Mm are given in Table I. Although the ma- 
jority of the studies reported in this paper were carried out with resorcinol, 
three other phenols were more active. In the case of resorcinol the rate of 
DPNH oxidation reached a maximum when the resorcinol concentration 
was increased. From data obtained, a Michaelis constant of 3.8 X 10-5 
was calculated for resorcinol. 

Table II lists those phenols which were inactive and those which were 
both inactive and inhibitory. The latter compounds were judged to be 
inhibitory if DPNH oxidation did not occur after resorcinol was added to 
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a mixture containing DPNH, Mn**, peroxidase, and the phenol being ex. 
amined. In addition, when ascorbic acid, dihydroxyfumaric acid, and p. 


TABLE I 
_ Phenolic Compounds Active in DPNH- Oxidizing System 





Phenolic compound —A optical density at 340 


my per min. 
Resorcinol. Piha ls ity umes ee , * wisceecten 0.069 
2,4- Dichlorophenol.. 0.156 
2-Chloro-4- phenylphenol.. 0.108 
p-Cresol . 0.080 
p-Chlorot hiophenol.. | 0.060 
1-Naphthol . | 0.050 
3,4- Dimethylphenol. | 0.042 
oe Psp tam ies sadn SeMel 0.027 
o-Cresol....... aren pi eacoveaa seme ed ply i Seta 0.024 
Phenol............. aT RA I Seti 0.013 
m-Hy droxy bensoie ac cid . San RISE Kad Rd at ate De inc OO ae ee 0.011 
I ei Reo Sess eet 7d ect fevecy orth ote Weald RG, iv RiGee 0.005 








The conditions were » these dese sibed lor Fig. 1 exe cept that 40 > y of peroxidase 
' 


(Worthington) were employed. 











TABLE II 
Inactive and Inhibitory Phenolic ( Compounds 
Inactive | Inactive and inhibitory 
Pyrogallol Hydroquinone Gallic acid 
Phloroglucinol Catechol 3-Hydroxycinnamic acid 
Naphthoresorcinol o-Aminophenol 2,5-Dihydroxybenzoic acid 
Hydroxyhydroquinone 2,4-Dinitrophenol 3,4- Dihydroxyphenylala- 
Thymol 2,4-Dichloro-4-nitro- nine 
p-Toluquinol phenol Quercetin 
2,6-Dichlorobenzenone- 4-Methyleatechol Chlorogenic acid 
indo-3’-chlorophenol 2,6-Dichlorobenzenone- 2,4-Dimethylphenol* 
Picric acid indophenol 2,4-Diaminophenol* 
Salicylic acid | 3-Hydroxyanthranilic acid 2-Naphthol* 





Caffeic acid 





The compounds were tested at a concentration of 1.7 X 10-5 m in the complete 
reaction mixture described for Fig. 1. 40 y peroxidase (Worthington) were em- 
ployed. 

* These compounds were slightly active (0.005 to 0.010 optical density units per 
minute) but were inhibitory to the oxidation occurring in the presence of resorcinol. 





aminobenzoic acid were tested at 1.7 X 10-* M, they were inactive. An- | 
thranilic acid at the same concentration was inactive and inhibitory. 
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Earlier work (1, 2, 9, 10) has shown the occurrence in higher plants of 
soluble enzyme systems which catalyzed the oxidation of DPNH and 
TPNH by O2. Extracts from several different plants and from two yeast 
preparations were tested for their ability to substitute for the phenol re- 
quirement of the DPNH-oxidizing system. The extracts were prepared by 
grinding one weight of the plant tissue or yeast sample with 2 volumes of 
H,O and heating at 100° for 10 minutes. 0.05 ml. of the centrifuged, 


| clarified extract was tested in the spectrophotometric test system. Active 


cacid | 


lala- 


aplete 
e em- 


ts per 
-cinol. 


extracts were obtained from the cotyledons and the hypocotyls of 5 day-old 
etiolated lupine seedlings, the hypocotyls of etiolated peanut seedlings, 
wheat germ, and yeast extract. Preparations obtained from carrot roots, 
spinach leaves, white potato tubers, mushrooms, sweet potato roots, and 
dried brewers’ yeast were inactive. It is interesting that mushrooms and 
sweet potatoes which have active polyphenolases and the natural substrates 
for the phenolase complex (11) did not yield an extract which could sub- 
stitute for the phenol in the DPNH-oxidizing reaction. 

Humphreys (2) observed that the TPNH oxidase of wheat germ was 
stimulated by an unidentified cofactor found in CoA preparations of low 
purity (0.9 per cent CoA) but not in purified samples (75 per cent CoA). 
In the present work, a coenzyme mixture containing 7 per cent DPN*, 7 
per cent TPN*, and 3 per cent CoA also contained a compound which could 
substitute for the phenol requirement of the DPNH peroxidase system. 
However, highly purified DPN+, TPN+, CoA, oxidized glutathione, and re- 
duced glutathione were free of the compound. No attempt was made to 
identify the unknown compound in the coenzyme mixture. 

As previously mentioned, several phenolic compounds were inhibitory 
to the DPNH-oxidizing system. Table III shows that two of these phe- 
nols, hydroquinone and catechol, were strongly inhibitory at 7 X 10-® M. 
In addition to phenols, compounds such as KCN and hydroxylamine, 
which are known to affect iron enzymes, were also inhibitory. Concen- 
trations of KCN and hydroxylamine which inhibited approximately 50 per 
cent are listed in Table III. Sodium azide, a,a’-dipyridyl, diethyldithio- 
carbamate, and o-phenanthroline were not nearly as effective, however. 
Cysteine was inhibitory, and Cu*® was also a highly efficient inhibitor at 
the concentration of 3 X 10-'m. Perhaps the most interesting inhibitor 
is the enzyme catalase. Small amounts of extensively dialyzed catalase 
strongly inhibited DPNH oxidation. Since heat-inactivated catalase did 
not inhibit, the action of catalase is evidently associated with its catalytic 
ability. 

The inhibition by catalase suggested that HO, was an intermediate in 


| the DPNH oxidation. However, the manometric data in Fig. 3 indicated 


that H,O. did not accumulate during the course of the reaction. Attempts 
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were made to detect H,O2 in the reaction mixture during the course of the 
reaction. Although the analytical method employed (12) would have de- 
tected as little as 0.05 umole of H,O2, there was no evidence of H2Oz ac- 
cumulation in the reaction mixtures. It should be pointed out that an 
amount of H.O2 equivalent to the resorcinol present in the reaction mix- 
ture (0.05 umole) might be utilized by peroxidation of the phenol. This 
is due to the fact that resorcinol is an effective donor for the peroxide- 
peroxidase Complex IT (13). 














TaBLeE III 
Inhibitors of DPNH Oxidation Catalyzed by Peroxidase 

Inhibitor . | Inhibition 

| per cent 

Eee oe Oe” ME PMOMMIMONG oo sieges since tn vesowesecaivael 98 
74 X ie “ ss BP Ae ete eee cent Siu a asline aecaiks ee oe 98 
15. B® © eoteehal. . Stef Or OT Cre eee ee een 85 
17 xX potassium cyanide. . SPIEL OS eT LON ee 58 
3.3 X 10-4 ‘‘ hydroxylamine hy droc hloride.. cee otes 65 
1.7 X 10-* “* sodium azide.. fee ire cnet aie pantnautict 0 
3.3 X 10-* “ a,a’-dipyridyl.................... 00000. cee 10 
3.3 X 10-5 “ diethyldithiocarbamate.......................| 0 
Ce ge 27 
1.7 X 10-‘ M cysteine. . Fake eate 70 
3.3 X 10-* “ cupric sulfate... Sriatty tas vd coe ay cx a belt eare 97 
200 7 catalase......... KSRe nes Kind nenedennan thogal 98 
200 ‘ sc heat-inactivated. . Cra ee eee 2 








The conditions were those described for Fig. 1 except that 40 y of peroxidase 
(Worthington) were employed. The inhibition was calculated from the rate of oxi- 
dation observed in the presence of the inhibitor compared with the rate in the ab- 
sence of the inhibitor. 


Chance has shown that DPNH can react with horse-radish peroxidase 
Complex II (13). Therefore, the effect of adding H.O, to reaction mixtures 
containing DPNH, peroxidase, Mn+, and resorcinol was examined (Ta- 


ble IV). When 0.3 umole of H,O2 was added to the complete reaction mix- 
ture (Experiment 1), the rate of DPNH oxidation was increased about | 


70 per cent. When Mn? was omitted from the reaction mixture (Exper- 
iment 3), the DPNH was still rapidly oxidized upon addition of H,0:. 
This observation indicates that resorcinol is oxidized in the presence of H;0; 
and peroxidase alone (13) and that the phenol oxidation product in tum 
can oxidize DPNH. The quinones formed by oxidation of o- and p-dihy- 
dric phenols are known to oxidize DPNH non-enzymically (14, 15). The 
fact that DPNH oxidation occurred in Experiment 3 when Mn*? was omit 
ted also suggests that Mn+ functions in the formation of HO, in reaction 
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mixtures containing Mn*?, resorcinol, and peroxidase. When resorcinol or 
when both Mn** and resorcinol were omitted, H.O2 addition did not cause 
appreciable oxidation of DPNH (Table IV). Therefore, DPNH was not 
oxidized by H.O2 and peroxidase under the conditions employed, even though 
DPNH can serve as a hydrogen donor for peroxidases (13, 16). 

Similar results were obtained when H,O2 was generated enzymically in 
the reaction mixture by the addition of t-leucine and snake venom con- 
taining L-amino acid oxidase (Table IV). The amounts of t-leucine and 
venom added were capable of producing 3 umoles of HO, in 15 minutes, an 
amount far in excess of the amount of DPNH oxidized in the same interval. 


TABLE IV 
Effect of Adding HO. to Peroxidase System Oxidizing DPNH 








Rate of DPNH oxidation 








Sepgenent Conditions = Para, ic Se 
7 | | HO: added see and venom 
1 Complete 0.145 0.070 
2 Omit H:O2 0.085 | 0.063 
3 ‘6 Mn*? 0.140 | 0.075 
4 ‘* resorcinol 0.005 0.007 
5 - sa and Mn*? 0.005 0.007 








0.3 umole of H2O» or 5 umoles of L-leucine and 1 mg. of dialyzed snake venom were 
added, except where indicated, to the complete reaction mixture described in Fig. 1. 
40 y of horse-radish peroxidase (Worthington) were employed. The rate of DPNH 
oxidation is expressed as the decrease in optical density units per minute. In Ex- 
periments 1 and 2, DPNH oxidation was initiated by adding resorcinol. In Ex- 
periments 3, 4, and 5, the H.O>2 or L-leucine and venom were added last. 


Other iron porphyrin proteins were examined for their ability to sub- 
stitute for peroxidase in the DPNH-oxidizing system. Those examined 


were cytochrome c, hemoglobin, and catalase; all were inactive. Hemin 
was also inactive. 


DISCUSSION 


Horse-radish peroxidase possesses some unusual catalytic properties. In 
addition to catalyzing the oxidation of a wide variety of hydrogen donors 
by H;0, (13), horse-radish peroxidase has long been known to act as an 
aerobic oxidase for dihydroxyfumaric acid (17,18). Recently, Mason et al. 
have shown that peroxidase can catalyze hydroxylation reactions in the 
presence of dihydroxyfumaric acid (19). In the presence of Mn+, peroxi- 
dase catalyzes the aerobic oxidation of phenylacetaldehyde (20) and phe- 
nylpyruvic acid (21). It catalyzes the oxidation of Mn*? to Mn** (22) in 
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the presence of H,O, and certain phenols. Finally, in the presence of Mn* 
and certain phenolic compounds, peroxidase will catalyze the aerobic oxida- 
tion of dicarboxylic acids (23) and indoleacetic acid (24-26). 

Although a detailed mechanism has been proposed for the oxidation of 
IAA (26), there are several observations which indicate that the oxidation 
of DPNH does not occur in the same manner. First, recrystallized and 
extensively dialyzed catalase strongly inhibited the oxidation of DPNH by 
the peroxidase system (Table III). This is in direct contrast to the find- 
ings of Waygood et al. (25), who observed that catalase did not inhibit the 


oxidation of IAA but rather catalyzed IAA oxidation in the presence of | 


Mn? and resorcinol. Secondly, 10-? m citrate and 10-* mM pyrophosphate | 


did not inhibit the oxidation of DPNH, but 10-? m Versene inhibited 83 


percent. These results are exactly opposite to those obtained by Waygood | 


et al. (25) in the oxidation of IAA. The latter authors suggested that 
citrate and pyrophosphate were inhibitory to the oxidation of IAA because 
these anions formed stable complexes of relatively low oxidation-reduction 


potentials with Mnt*. Finally, the concentrations of Mn*? (10-* to 10° | 
mM) employed in the studies by either Kenten and Mann (23) or Waygood 
et al. (25, 26) were 100 to 1000 times as high as the Mn*? concentration | 
which is optimal for DPNH oxidation. Indeed, 10-* m Mn*? completely | 


inhibited the oxidation of DPNH. 

The oxidation of DPNH by the peroxidase system more closely resembles 
the aerobic oxidation of dihydroxyfumaric acid catalyzed by peroxidase 
(17, 18) and the oxidation of tryptophan catalyzed by tryptophan perox- 
idase (27). All of these reactions are inhibited by low concentrations of 
Cu* and by inhibitors of heavy metal enzymes. In these reactions oxygen 
is consumed, and H.O- does not accumulate. However, H2O2 may be in- 
volved because catalase inhibits all three reactions. 

The aerobic oxidation of dihydroxyfumaric acid, which is catalyzed by 
horse-radish peroxidase, has been investigated in detail by Chance (18). 
The reaction was studied at 4°, at which it was clearly separated from the 
peroxidatic oxidation of dihydroxyfumarate catalyzed by peroxidase. 


Chance proposed that a ternary complex composed of Mn**, peroxidase, | 


and H.O, is the catalyst for the aerobic oxidation of dihydroxyfumarate. 


In the oxidation of DPNH by peroxidase it seems reasonable to propose | 


that a similar ternary complex catalyzes the oxidation of the phenol (ROH) 
by O» with the formation of H.O2 and an oxidized phenolic product (RO-) 


(Equation 1). Although DPNH might react with O2 under similar con- 


Mn*?, H2O:2 


2ROH + 0. —————> 2RO- + H.0, (1) | 


peroxidase 


ditions, the following observations indicate that the phenol is the redue- 
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tant. First, there is no spectrophotometric evidence for oxidation or 
other modification of DPNH unless the complete reaction mixture com- 
posed of peroxidase, Mn+’, and resorcinol is present. If DPNH were the 
reductant, some evidence of oxidation would be expected in the absence of 
resorcinol. Secondly, compounds other than DPNH and TPNH (2.e. di- 
carboxylic acids (23), IAA (24, 26), ferrocytochrome c, and reduced gluta- 
thione?) are aerobically oxidized in the presence of peroxidase, Mn**, and 
resorcinol or certain monophenols. This suggests that the initial step is 
the formation of the oxidized phenolic product (RO-), which in turn can 
oxidize a variety of other compounds. 

If the phenol is oxidized according to Equation 1, the oxidized phenol 
(RO-) could then be reduced by DPNH either enzymically or non-enzymi- 
cally (Equation 2). Since only a small amount of H,O. would be required 


2RO- + DPNH + H* — 2ROH + DPN* (2) 


to form and maintain the ternary complex, it is suggested that the major 
amount of H:O2 produced in Equation 1 can oxidize the phenol in a typical 
peroxidase reaction (Equation 3) (28). The oxidized phenol (R’O-) pro- 


xidas 
2ROH + H,O, —POCeS* , on’0- + 220 (3) 


duced in Equation 3 could then be reduced by DPNH (Equation 4). This 
2R’0- + DPNH + H* — 2ROH + DPN* (4) 


series of four reactions would account for (1) the functioning of resorcinol 
and Mn* in catalytic concentrations, (2) the observed stoichiometry for 
0, consumption and DPNH oxidation, and (3) the inhibition of the DPNH 
oxidation by catalase. The latter, by competing for H2O., would prevent 
the formation of the ternary complex. 

In an effort to obtain experimental evidence for Equation 1, oxygen up- 
take was measured in reaction mixtures containing 10-? m resorcinol and 
catalytic amounts of peroxidase and Mn**. Although we observed re- 
sorcinol oxidation with high concentrations of Mn+? (10? m) and thereby 
confirmed Maclachlan and Waygood’s findings (26), no oxygen consump- 
tion occurred at the lower concentrations of Mn+? used in the studies on 
DPNH oxidation. It is possible that the postulated oxidation product 
(RO-) might accumulate in the absence of DPNH and be self-inhibiting. 
In the presence of DPNH, however, the oxidation product (RO-) would 
not accumulate (Equation 2). 

The nature of the oxidized phenolic products (RO- and R’O-) postu- 
lated in Equations 1 and 3 is unknown. However, if they are phenoxy 


* Akazawa, T., and Conn, E. E., unpublished observations. 
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radicals, it is extremely unlikely that they exist free in aqueous solution. 
Instead, such radicals may be associated with, and even stabilized to some 
extent by, the enzyme in a peroxidase-radical complex. In this event the 
oxidation of DPNH by the peroxidase-phenoxy radical complex would be 
analogous to the oxidation of various donor molecules by the peroxidase- 
H,O, Complex II. 

One puzzling property of the DPNH oxidation system, as well as the 
IAA and dicarboxylic acid oxidations, is the requirement for monophenols 
or resorcinol, i.e. phenolic compounds which are not readily oxidized to 
quinones. The recent experiments of Mason et al. (19) suggested that ini- 
tially hydroxylation of the phenol might occur in the presence of DPNH 
and peroxidase and that the hydroxylated phenol might be the active agent 
in the DPNH oxidation. To test this possibility, hydroxyhydroquinone 
and 4-methyleatechol, the products resulting from hydroxylation of re- 
sorcinol and p-cresol, respectively (19), were examined in the DPNH oxi- 
dation reaction. Hydroxyhydroquinone was inactive, and 4-methyl- | 
catechol was inactive and inhibitory (Table II). Mason has examined the | 
ability of DPNH to substitute for dihydroxyfumaric acid in the hydrox- | 
ylation reaction. Under conditions in which resorcinol and p-cresol were 
rapidly hydroxylated in the presence of dihydroxyfumaric acid, hydrox- 
ylation did not occur with DPNH.* 

The physiological significance of the oxidation of reduced pyridine nu- 
cleotides by the peroxidase system described herein is unknown, although 
the observations which led to these studies were encountered in numerous 
plant tissues (1, 2,9). The properties of the reaction are similar in some 
respects to those of a particulate enzyme system recently described (3). 
The oxidation of DPNH and TPNH by the peroxidase system is of interest 
since, like the oxidations of dihydroxyfumaric acid, IAA, and certain di- 
carboxylic acids, it shows that peroxidase may catalyze oxidations inde- 
pendently of external sources of H,Os. 





SUMMARY 


The reduced forms of diphosphopyridine and triphosphopyridine nucleo- , 
tides are rapidly oxidized in the presence of crystalline horse-radish peroxi- 
dase and catalytic amounts of Mn+ and certain phenols. 1 atom of 
oxygen is consumed per mole of nucleotide oxidized. : 

The requirement for Mn*? is specific. The phenols which are active are | 
either monohydric phenols or resorcinol. However, not all monohydric 
phenols are active. The reaction is inhibited by catalase, by certain other | 
phenols, cysteine, cupric ions, and by inhibitors of heavy metal enzymes. 


3 Mason, H. S., private communication. 
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n The mechanism proposed for the reaction is patterned after the aerobic 
me oxidation of dihydroxyfumaric acid catalyzed by horse-radish peroxidase. 
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Experiments with C™- and deuterium-labeled sarcosine have shown that 
the N-methyl] group is oxidized by liver mitochondria to produce an active 
l-carbon entity with the oxidation level of formaldehyde (1-3). In mito- 
chondria this active formaldehyde either may condense with glycine to 
form serine or, alternatively, it may be converted irreversibly to ordinary 
formaldehyde. In earlier experiments, we also isolated formaldehyde as a 
product of dimethylglycine metabolism by mitochondria, and evidence was 
obtained that both of its methyl groups were sources of formaldehyde, 
one by direct oxidation and the other by way of sarcosine (4). In the 
present paper we have investigated quantitatively the mitochondrial me- 
tabolism of dimethylglycine and have demonstrated that both of its methyl 
groups yield ‘‘active formaldehyde.” 

Products of Mitochondrial Metabolism of Dimethylglycine—The analytical 
aspects of the first experiments were simplified by employing semicarbazide 
as a trapping agent for formaldehyde (5). Under these conditions the 
formaldehyde that accumulated in the supernatant fraction was equiva- 
lent to over 90 per cent of the incubated methyl groups (Table 1). Si- 
multaneously, glycine appeared in the same fraction at a level equal to 90 
per cent of the carbon chain of the dimethylglycine. Furthermore, the 
observed oxygen uptake was in excellent agreement with the value required 
for the complete oxidation of the dimethylglycine to formaldehyde and 
glycine. Serine could not be detected in the the reaction mixture. 

When semicarbazide was omitted from the reaction mixtures, the oxygen 
consumption proceeded at the same rate and once more ceased abruptly 
after reaching a value of approximately 6 watoms. However, the products 
found at the end of the reaction differed quantitatively and qualitatively 
from those observed in the presence of semicarbazide; 7.e., the accumulation 
of formaldehyde and glycine was decreased and serine was synthesized in a 
good yield (Table I). The serine and glycine together equaled the glycine 
moiety of the incubated dimethylglycine. Likewise, the free and protein- 
bound formaldehyde plus the 8-carbon of serine equaled the original methyl 

* These experiments were supported by a grant (No. A969-C5) from the National 
Institutes of Health, United States Public Health Service. 
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carbons of the substrates. Thus, in the absence of semicarbazide, the end 
products of the mitochondrial metabolism of dimethylglycine were ae- 
counted for quantitatively as formaldehyde, glycine, and serine. 

Next, the metabolism of dimethylglycine was studied in the presence of 
a specific inhibitor for mitochondrial sarcosine oxidase, namely methoxy- 
acetic acid (4, 5). Upon the addition of inhibitor to the reaction mixture, 
sarcosine accumulated, and both the oxygen consumption and serine syn- 
thesis were lowered (Table I). It may be calculated that the oxygen 
uptake required to produce the sarcosine, glycine, and serine formed from 
dimethylglycine in this experiment was 3.8 vatoms. The observed oxygen 


TaBLe I 
Products of Dimethylglycine Metabolism by Liver Mitochondria 


Each Warburg flask contained the compounds indicated plus the mitochondria 
from 1 gm. of rat liver in a total volume of 2.4 ml. of 0.075 m potassium phosphate | 


buffer at pH 7.8. The incubation was carried out in air rat 37° for 2 hours. 


























Incubated | | Products 
a oe —lOxygen uptake| Nl 
Sea | 
DMG* | B : de | MOA* | | CHO | Glycine Serine | Sarcosine 
moles pmoles | pmoles | patoms | ymoles | - pmoles | moles 
} 
3 20 | | 6.1 | 5.6 | 0 | 0 
3 | | 6.2 | 2.3t | 0. 2.1 0 
3 | 60 | 4.0 | 2.3 | 0 06 | 1.2 





* Dimethylglycine and methoxy acetate are abbreviated as DMG and MOA, 
respectively, in Tables I, II, and III. 

+ Under the conditions of this experiment approximately 1.5 uwmoles of formal- 
dehyde were bound by the mitochondria. 





consumption was 4.0 vatoms. The agreement between these two figures 
indicates that little or no dimethylglycine was oxidized to products other 
than those listed in Table I. Consequently, it appears that the metabolism 
of dimethylglycine in mitochondria proceeds largely, or exclusively, by way 


of sarcosine and a l-carbon compound at the oxidation level of formalde- , 


hyde. 
Conversion of Both Methyl Groups of Dimethylglycine to Active Formalde- 


hyde—“‘Active formaldehyde” is defined as a 1-carbon entity which can | 


form the 8-carbon of serine in large amounts in our mitochondrial system, 
a property exhibited by the oxidized methyl group of sarcosine but not 
shared by exogenous formaldehyde (1-3). Consequently, it was possible 
to test whether the first methyl carbon! of dimethylglycine is a source of 


1 The first methyl carbon refers to the carbon removed in the oxidation of di- 
methylglycine to sarcosine. 
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active formaldehyde by using glycine as a trapping agent in the dimethy]l- 
glycine-mitochondrial preparation. As shown in Table II, the addition of 
glycine increased the synthesis of serine far beyond the level that could 
have been formed from only one of the methyl groups of dimethylglycine. 
In control experiments, formaldehyde plus glycine did not result in the 
synthesis of serine in amounts that could be detected by the photometric 
procedure of Frisell e¢ al. (6). It appeared, therefore, that both methyl 
groups of dimethylglycine had been converted to active formaldehyde and 
thence to the 6-carbon of serine. However, these experiments did not 
exclude the possibility that active formaldehyde might have been produced 
from the first methyl group of dimethylglycine as a result of a transmethyl- 


TasBLe II 
Conversion of Both Methyl Groups of Dimethylglycine to B-Carbon of Serine 
The experimental conditions are those described in Table I. 





Incubated | } | 
———— | Oxygen uptake CH,0 Serine 
DMG | Glycine CH:0 
umoles pmoles | pmoles patoms | pmoles pmoles 
3 | 6.0 22° | 23 
20 0.4 0 | 0 
3 20 | | 67 | 04 | 5.1 
6 0 3.0T 0 
20 6 | 0.5 3.0T 0 








* Approximately 1.5 uwmoles of formaldehyde were bound by the mitochondria. 
t Approximately 2.5 umoles of formaldehyde were bound by the mitochondria. 


ation reaction between dimethylglycine and glycine to form sarcosine. 
The latter compound would, of course, be oxidized to yield active formalde- 
hyde. We examined this possibility by incubating 20 wmoles each of 
dimethylglycine, sarcosine, and glycine-C“OOH with mitochondria for 1 
hour. The ninhydrin-positive compounds in the supernatant fraction were 
then separated by paper chromatography and examined for the presence 
of C“. Both the glycine and serine were highly radioactive, while the 
sarcosine was devoid of significant activity. It appears, therefore, that 
liver mitochondria oxidize dimethylglycine directly to active formaldehyde 
and sarcosine. 

We next studied the effect of adding radioformaldehyde to a mitochon- 
drial system that was actively converting the methyl carbons of dimethyl- 
glycine to the B-carbon of serine. In these experiments (Table III) only 
4 per cent of the serine synthesized was labeled with C“. A similar quan- 
tity of radioserine labeled in the 8-carbon was formed when radioformalde- 
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hyde was incubated with sarcosine plus glycine or with glycine alone, |  sarcos 
Whether this small conversion of formaldehyde to serine proceeded by way __ glycin 
of active formaldehyde or by some other route, we cannot say. In any} truer 
event, these results demonstrate that during dimethylglycine and sarcosine 
metabolism exogenous formaldehyde is not an effective source of active 
formaldehyde in our mitochondrial preparation.” 

Over-All Metabolism of Dimethylglycine in Mitochondria—The pathway 
of dimethylglycine metabolism elucidated thus far is illustrated in Fig. 1, 
Dimethylglycine is stoichiometrically converted to active formaldehyde 
and sarcosine, and the sarcosine in turn is oxidized to active formaldehyde | 

Tas_e III | 
Conversion of Methyl Groups of Dimethylglycine to B-Carbon of 
Serine in Presence of C'\4H.O 

Each flask contained 4 umoles of C'4H,O, with a corrected activity of 2.3 x 105 

c.p.m. The incubation conditions are those described in Table I. 








Incubated | Photometric analyses Radioserine isolated 
| Oxygen 


uptake | 
| 
| 











DMG pane Glycine CH:0 Serine Azo salt* ree serinet | 8-Carbon 











pmole 


0.16 0.18 


nln | pmoles | ony wile umole 


| 
3 | | 
Je Bes 


pmoles umoles 


| 
| 2.6f 4.9 0.17 
| 


patoms 





1.4 3.0 | 0.20 0.17 0.17 

1.5 | 0 | 0.22 0.22 | 0.14 Fie. 

— ——— | derives 
* Serine salt of p-hydroxyazobenzene-p’-sulfonic acid. sents r 
t Conversion of the free serine to the tosyl derivative did not change the specific 

activity. 
t In these experiments approximately 2.0 umoles of the added radioformaldehyde 

were bound by the mitochondria. 
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and glycine. Both molecules of active formaldehyde either may condense 
with the glycine to yield serine or, alternatively, they may be converted to 
ordinary formaldehyde. Thus, the final concentrations of ordinary forn- 
aldehyde and glycine are determined by the extent of serine synthesis. 
The yield of serine calculated on the basis of dimethylglycine N is 70 to , 
80 per cent. In the presence of added glycine the yield of serine 8-carbon 
calculated on the basis of dimethylglycine methyl groups is nearly 90 per 
cent. \ 

In the consecutive reactions depicted in Fig. 1, the rate-limiting step is 
the oxidation of the first methyl group of dimethylglycine. As shown in | 
Fig. 2, the initial rate of oxygen consumption obtained with dimethylgly- | 
cine is only about one-half of that observed with an equimolar amount of 

* In earlier experiments with the mitochondria from 0.5 gm. of liver no conversion Fro. 
of radioformaldehyde to serine 8-carbon was detected (1, 2). mental 
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sarcosine. Furthermore, since the observed oxygen uptake with dimethyl- 


glycine includes the oxidation of the sarcosine portion of the molecule, the 
true rate of oxidation of the first methyl group of dimethylglycine is ap- 


H3C, 
‘N-CH,COOH 
H3C 





3 
H3C. 
5 N-CH2COOH 
Active H, 
N-CH,COOH 
Formaldehyde 4H ~ * 
H H NH2 
HO-C-OH HOC-C-COOH 
- HH 


Fic. 1. Metabolism of dimethylglycine in mitochondria. The free formaldehyde 
derived from the active formaldehyde is shown in the hydrated form, which repre- 
sents more than 99 per cent of the species in aqueous solutions. 





6 5 
oT DIME THYLGLYCINE 
e 3 UU Moles 
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TIME (Minutes) 
Fic. 2. Rates of oxygen consumption of dimethylglycine and sarcosine. Experi- 
mental conditions described in Table I. 
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proximately one-fourth that of sarcosine. This, of course, explains why 
sarcosine does not accumulate in the metabolism of dimethylglycine unless 
an inhibitor is added (Table I). A similar difference in the rates of oxygen 
uptake by dimethylglycine and sarcosine was also observed in a washed 
homogenate of rat liver by Handler, Bernheim, and Klein (7). In these 
consecutive reactions, as we have previously shown (5), the condensation 
of active formaldehyde and glycine to yield serine keeps pace with the 
oxidation of sarcosine. 

Several interesting questions concerning reaction mechanisms are posed 
by the oxidation of the first methyl group of dimethylglycine. Recently, 
Sweeley and Horning (8) synthesized the N-oxide of dimethylglycine and 
observed its conversion to formaldehyde and sarcosine in the presence of 
ferric ions. This suggested to them that the oxide might be an intermedi- 


ate in the mitochondrial oxidation of dimethylglycine. We have employed | 


dimethylglycine oxide as a substrate with mitochondria and liver slices and 
have been unable to detect the formation of formaldehyde, glycine, or 
serine. Dr. Horning has also obtained negative results with dimethyl- 
glycine oxide and mitochondria and has suggested that this may be due to 





an inability of the N-oxide to penetrate the subcellular particles? We | 


should like to point out an alternative mechanism for the initial enzymatic 
attack on dimethylglycine, namely the removal of electrons and hydrogen 
atoms. For example, in the tertiary amine form of dimethylglycine 1 of 
the unpaired electrons of the N and 1 of the H atoms of a methyl carbon 
could be removed to form a double bond between N and C. Furthermore, 
if the active substrate is the quaternary amine, the predominant form at 
physiological pH, dehydrogenation could produce the same end results. 


2H. 
H CH; CH, H CH,0OH 


|Z Vi |7 
R—N —+ R—N R—N > 
2 ™ ‘ 
CH, CH; CH; 


H,0 


H H 
= \/ 


R—N + active CH,0 


CH; 


As discussed earlier (2), this scheme provides a general mechanism for the 
divalent dehydrogenation and oxidative demethylation of tertiary amines. 
To return to the consecutive reactions in the metabolism of dimethy!- 


3 Personal communication from Dr. Horning, to whom we are indebted for the 
dimethylglycine N-oxide used in our experiments. 








glycin 
Morec 
cine 0 
granul 
of the 
them » 


hamst 
trappi 
place : 

The 
that t 
centra 
that t 
Arnst 
the b 
Stette 
du Vi 
preser 
ates iI 
logica 
ments 
be oxi 
and F 
trans 
methy 
appar 
mitoc 
a vari 
oxidat 
oxide 
secont 
The n 
hyde : 
ethan: 
glycin 

‘Ur 

5 Ur 

SA 
sarcosi 
pathw: 
du Vig 
tion ar 
phospk 





why 
less 
gen 
shed 
hese 
tion 

the 


osed 
ntly, 
and 
e of 


1edi- 


oyed | 


and 
p, OF 


thyl- 


1€ to | 

We | 
natic | 
‘ogen | 


lof 
bon 
nore, 
™ at 
ts. 


CH;0 


or the 
nines. 
ethyl- 


or the 








Cc. G. MACKENZIE AND W. R. FRISELL 423 


glycine (Fig. 1), each step occurs in the isolated mitochondria of liver. 
Moreover, fractionation experiments indicate that all of the dimethylgly- 
eine oxidase and all of the sarcosine oxidase of liver are located in these 
granules (4). The species distribution of these two oxidative enzymes, and 
of the condensing enzyme for serine synthesis, is widespread ; we have found 
them to be present in the liver mitochondria of the rat, rabbit, guinea pig, 
hamster, chicken, and pigeon.‘ Furthermore, using semicarbazide as a 
trapping agent, we have obtained evidence that the same reactions take 
place in intact liver cells.° 

The recognized importance of mitochondria in the cell economy suggests 
that the foregoing enzymes, and the reactions they catalyze, may play a 
central role in metabolism, and an examination of the literature indicates 
that this is the case. It is known from the experiments of Stetten (9), 
Arnstein (10), and Elwyn and coworkers (11) that serine is converted in 
the body to aminoethanol. The latter compound has been shown by 
Stetten (9) and Pilgeram and coworkers (12) to be a precursor of choline. 
du Vigneaud and coworkers (13) and Jukes and coworkers (14, 15) have 
presented evidence that mono- and dimethylaminoethanols are intermedi- 
ates in choline synthesis. Their methyl groups may be derived from bio- 
logically labile methyl compounds, as was shown by the classical experi- 
ments of du Vigneaud and his colleagues (16). Furthermore, choline can 
be oxidized to betaine by enzymes described by Mann and Quastel (17) 
and Bernheim and Bernheim (18), and the betaine may then undergo a 
transmethylation reaction with homocysteine to yield methionine and di- 
methylglycine as discovered by Dubnoff (19) and Muntz (20). It becomes 
apparent, therefore, that the consecutive reactions of dimethylglycine in 
mitochondria complete the cycle® illustrated in Fig. 3. This cycle fulfills 
a variety of functions. For example, it provides two pathways for the 
oxidation of methyl groups. The first is a direct pathway to carbon di- 
oxide via active formaldehyde, formaldehyde, and formate (3, 23). The 
second is more circuitous and involves one and a half turns of the cycle. 
The methyl carbons of dimethylglycine are converted to active formalde- 
hyde and thence to the 6-carbon of serine, the alcohol carbon of the amino- 
ethanols, the carboxyl carbon of betaine, the carboxyl carbon of dimethyl- 
glycine, the carboxyl carbon of glycine, the carboxyl carbon of serine, and 


‘Unpublished data, C. G. Mackenzie and L. A. Meech. 

’ Unpublished data, W. R. Frisell and C. G. Mackenzie. 

°A similar cycle was drawn by Jukes (21) in 1947. However, dimethylglycine, 
sarcosine, serine, and formaldehyde were not shown, and Jukes remarked that the 
pathway of conversion of the nitrogen atom of betaine to glycine was unknown. 
du Vigneaud (16) has used a similar scheme to illustrate his studies on transmethyla- 
tion and choline synthesis, and Artom (22) has employed it in discussing his work on 
phospholipide synthesis. 
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finally to carbon dioxide. In the course of this series of reactions, the a- 
carbon and nitrogen of dimethylglycine become the a-carbon and nitrogen 
of each of the other members of the cycle, to finally reappear in their 
original position in a new molecule of dimethylglycine. That is to say, 
the N and a-carbon act as carriers for the N-methyl groups and carboxyl 
groups which the cycle oxidizes. In principle, these reactions can account 
for the oxidation of two-thirds of the methyl groups entering the body as 
dietary choline or betaine. In addition, part or all of the remaining methyl 
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Fic. 3. Dimethylglycine and the 1-carbon cycle 


groups may be converted to methionine methyl] and thus reenter the cycle — 
via the aminoethanols. 

A further important function of the cycle is the generation of a series of 
1-carbon compounds, 7.e. active formaldehyde, formaldehyde, and formate, ' 
which participate in synthetic reactions. Each of these 1-carbon con- 
pounds exhibits its own biosynthetic potential. For example, experiments 


have shown that the active formaldehyde produced in the oxidation d 


deuterosarcosine (and presumably in the oxidation of dimethylglycine) is 


converted to the 6-carbon of serine without appreciable loss of its carbon- | 


bound H atoms (3). Ordinary formaldehyde is not an effective source of 
active formaldehyde in the mitochondrial system. However, it can con- | 
dense with pyruvate to form a-keto-y-hydroxybutyric acid, as was dis | 
covered by Hift and Mahler (24). Active formaldehyde, on the other 
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hand, does not undergo this reaction (2). Formate, of course, is the source 
of the number 2 and 8 carbons of purines, as reported originally by Bu- 
chanan and Sonne (25). 

In addition to the foregoing reactions, one could add reactions not shown 
in Fig. 3 for glycine, serine, and the ethanolamines and with very little 
effort extend these to include most of the known reactions of biochemistry. 
Such an elaboration is outside the scope of this paper and would serve no 
useful purpose other than to illustrate the essential unity of biological 
chemistry. The point we wish to make is that dimethylglycine, sarcosine, 
glycine, and serine occupy an important position in a series of cyclic reac- 
tions and that in this cycle they are the primary agents for the oxidation 
of methyl groups and the generation of 1-carbon compounds. 


EXPERIMENTAL 


Substrates—The sodium salt of dimethylglycine was prepared according 
to the method of Michaelis and Schubert (26). 


CH,O.NNa. Calculated, C 38.40, H 6.45, N 11.20; found, C 38.46, H 6.48, N 11.21 


The sarcosine was the free base supplied by Hoffmann-La Roche, Inc., 
and the glycine-C“OOH was obtained from Tracerlab, Inc. The radio- 
formaldehyde (Isotopes Specialties Company, Inc.) was standardized both 
by the formaldemethone (23) and the chromotropic acid (6) procedures. 
,All of the other compounds employed in this study were recrystallized or 
redistilled commercial preparations. 

Enzyme Experiments—Mitochondria were isolated from liver obtained 
from Sprague-Dawley rats and washed in buffer by the procedure previ- 
ously described from this laboratory (27). The intracellular buffer con- 
sisted of 0.075 mM potassium phosphate and 0.0001 m magnesium sulfate at 
pH 7.8. 

Product Analyses—Formaldehyde and serine were determined in the in- 
cubation mixtures by the photometric procedures developed in this labora- 
tory (6). Glycine and sarcosine were determined by the ninhydrin method 
after separation by paper chromatography. First, the Warburg incubation 
mixture was heated in a boiling water bath for 10 minutes to denature the 
protein. 20 ul. portions of the supernatant fraction were then chroma- 
tographed on Whatman No. 1 paper in phenol-water (80:20) by the as- 
cending technique. After determining the positions of the sarcosine and 
glycine by ninhydrin development, these same regions on duplicate chroma- 
tograms were cut out, eluted with 1 ml. of water, and analyzed by the 
method of Troll and Cannan (28) in a final volume of 5 ml. The “blank” 
for each determination was prepared in the same manner from a paper 
which also had been subjected to the phenol-water system. All photo- 
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metric measurements were carried out with the Klett photometer with the 
No. 56 filter. The standards employed in every determination were known 
quantities of sarcosine and glycine which had been chromatographed, 
eluted,’ and analyzed simultaneously with the unknown. Under theg 
conditions, a linear relationship between the ninhydrin colors and the 
amino acid concentration was obtained in a range of 0.01 to 0.03 umole, 

In the determination of radioserine, the contents of each Warburg flask 
were washed with water into a centrifuge tube containing 500 mg. of carrier 
serine. The tube was immersed in boiling water for 15 minutes, and the 
protein was removed by centrifugation and washed twice with water, 
Serine was then isolated from the combined supernatant solutions as the 
salt of p-hydroxyazobenzene-p’-sulfonic acid as described by Stein and 
Moore (29). This salt was decomposed in water with Amberlite IR-45 to 
yield free serine. The p-toluenesulfonyl derivative was prepared by dis- 
solving 110 mg. of serine in 2.0 ml. of water plus 0.4 ml. of 2.5 n NaOH 
and then adding 200 mg. of p-toluenesulfony] chloride dissolved in 4.0 ml, 
of ether. The mixture was stirred for 3 hours at room temperature, the 
excess p-toluenesulfonyl chloride was extracted with ether, and the tosyl 
derivative was precipitated from the aqueous fraction by acidification with 
6 n HCl. Free serine was degraded for the isolation of the B-carbon as | 
formaldehyde by dissolving 50 mg. in 4 ml. of 0.5 m sodium phosphate 
buffer of pH 5.8 and adding 3 ml. of 0.5 m sodium metaperiodate. After 
stirring for 1 hour, the solution was filtered, the pH was adjusted to 48 
with 10 per cent acetic acid, and 20 ml. of a 0.4 per cent dimedon solution 
were added to precipitate formaldehyde as the dimedon derivative. 

Radioactivity was determined by collecting aliquots of the compounds 
on disks of Schleicher and Schuell filter paper (No. 589) with the filtering | 
apparatus of Henriques et al. (30) and counting in a thin window Geiger- 
Miiller counter. All counts were corrected for background, self-absorp- 
tion, and dilution. 





SUMMARY 


Dimethylglycine is metabolized stoichiometrically by liver mitochondria | 
in the absence of added cofactors through the following consecutive re 
actions: 
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Dimethylglycine — sarcosine + active formaldehyde 
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|_______, piveine + active formaldehyde — serine J 








Both « 
produc 
ordina 
place : 
system 

The 
reactic 


genera 


“IS or ~ oo 
ey mad 
, " 


— 
TM 
eo 
@ 


24. Hi 
25. Bu 
26. Mi 
27. Ms 


S88 
2 





C. G. MACKENZIE AND W. R. FRISELL 427 


h the} Both of the active formaldehyde molecules can condense with glycine to 
nown} produce a high yield of serine or, alternatively, they can be converted to 
phed,} ordinary formaldehyde. Exogenous formaldehyde, however, cannot re- 
these} place active formaldehyde as a source of the §-carbon of serine in this 
1 the} system. 

ole, The conversion of dimethylglycine to serine completes a cyclic series of 
flask} reactions in which methyl groups are oxidized and 1-carbon compounds are 
arrier} generated. The metabolic significance of this 1-carbon cycle is discussed. 
d the 
vater, 
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A MAMMALIAN URIDINEDIPHOSPHATE GALACTOSE 
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The conversion of galactose to glucose in biological systems has been 
shown in recent years by the work of Leloir and Kalckar (2, 3) to be in- 
timately linked to the metabolism of uridine nucleotides. It has been 
established, both in yeast and animal tissues, that galactose, in order to 
enter the ‘‘glucose energy”’ pool, must first be converted to a-galactose 
l-phosphate via galactokinase and adenosine triphosphate. The sub- 
sequent conversion of a-galactose 1-phosphate to a-glucose 1-phosphate has 
been shown to involve the following reactions:! 


* * 
(1) Galactose-1-P + UDPG = UDP-Gal + glucose-1-P 
+ * 
(2) UDP-Gal @ UDPG 
* * 
(3) UDPG + PP = UTP + glucose-1-P 


The asterisk traces the galactose moiety through its conversion to glucose 
l-phosphate. The enzymes catalyzing these reactions have been called, 
respectively, galactose-1-phosphate uridyltransferase, uridinediphosphate 
galactose-4-epimerase, and uridinediphosphate glucose pyrophosphorylase 
(3). 

It has been recently established that in the disease galactosemia, which 
constitutes an inborn error in the metabolism of galactose, there is a 
specific deficiency of the enzyme, galactose-1-phosphate uridyltransferase 
(4,5). Asa result, these patients have an impaired utilization of ingested 
galactose, leading to the accumulation of galactose 1-phosphate in the 
tissues (6). This is associated with such disturbances as mental retarda- 
tion cataract formation, cirrhosis, and often death. In spite of the 


* This research was supported in part by a grant (A-1392) from the National In- 
stitutes of Health. A preliminary communication on this subject has appeared (1). 

'The abbreviations used in this communication are as follows: ATP, adenosine 
triphosphate; galactose-1-P, a-galactose 1-phosphate; glucose-1-P, a-glucose 1-phos- 
phate; UTP, uridine triphosphate; UDPG, uridinediphosphate glucose; UDP-Gal, 
uridinediphosphate galactose; PP, pyrophosphate; Tris, tris (hydroxymethyl) amino- 
methane; DPN, diphosphopyridine nucleotide; TCA, trichloroacetic acid. 
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demonstrated enzymatic defect in this disease, however, it has been ob- 
served that some galactose metabolism is possible and does, in fact, occur 
in this condition. On clinical grounds it has been observed that, as 
patients with galactosemia increase in age, they appear to develop an 
increased ability to utilize ingested galactose (7). In addition, it was 
demonstrated in a 24 year-old male with this disease that the infusion of 
galactose-1-C' (together with oral menthol) led to the excretion of menthol 
glucosiduronic acid which was labeled in the C-1 position of the hexose (8), 
From our knowledge of the role of the uridine nucleotides in glucosiduronic 
acid formation (9), it appeared that, in spite of the deficiency of galactose- 
1-phosphate uridyltransferase, the infused galactose was probably con- 
verted to UDP-Gal prior to the appearance of the label in the gluco- 
siduronic acid. 

These findings suggested the possible existence of an additional path- 
way for the conversion of galactose 1-phosphate to uridinediphosphate 
galactose. It seemed reasonable that galactose 1-phosphate might be in- 
corporated into uridine nucleotide by a pyrophosphorolytic reaction 
(analogous to Reaction 3) as follows: 


(4) UTP + galactose-1-P = UDP-Gal + PP 


Such a reaction had originally been described by Kalckar et al. in yeast 





(10) and has more recently been shown to occur in mung bean seedlings 
(11). We wish to present evidence for the existence of this reaction in 
mammalian tissues as well as to provide data concerning the enzyme, 
which has been called uridinediphosphate galactose pyrophosphorylase in | 
conformity with previous nomenciature. 


Materials and Methods 


Preparation of a-Galactose 1-Phosphate—The procedure of Colowick (12) 
was used for the preparation of a-galactose 1-phosphate. C"-labeled 
galactose-1-P was prepared enzymatically from yeast galactokinase and 
ATP according to the method of Leloir and Trucco (13). Authentic | 
galactose-1-C“ was obtained from the National Bureau of Standards. | 
Saccharomyces fragilis (obtained from the American Type Culture Col- 
lection, Washington, D. C.) was adapted to galactose (14) and served as | 
the source of galactokinase. The dried yeast was extracted with 3 volumes 
of 2.2 per cent (NH,)2PO, overnight at 0—5° and the supernatant solution 
was dialyzed against distilled water for 12 hours. This preparation was 
assayed and shown to be free of glucose-1-P and UDPG by methods 
described below. A solution containing 5 ye. of galactose-1-C™, 0.5 ml. | 
of 0.1 m MgCl, 0.5 ml. of 0.1 m maleate buffer, pH 6.0, 1 ml. of 0.1 uf 
ATP, and 3 ml. of yeast extract was incubated at 30° for 3 hours. The 
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protein was then coagulated by heat. After adjusting the pH to 8.0, the 
supernatant solution was added to a Dowex 1 (Cl) column (10 em. X 2.5 
em.2), and the labeled galactose-1-P was removed by gradient elution 
with chloride ions (15). The material appeared predominantly in the 
fraction eluted with 0.02 m NaCl in 0.01 n HCl. The labeled substance 
was shown by descending paper chromatography in n-propanol-NH;- 
H,O (6:3:1) to migrate with the chemically prepared galactose-1-P. 
Rechromatography after acid hydrolysis revealed only galactose in two 
solvent systems (pyridine-ethyl acetate-water and water-saturated phenol) 
(16, 17). 

Other Chemicals—ATP, DPN, UTP, UDPG, and glucose-1-P were 
obtained from either the Sigma Chemical Company (St. Louis, Missouri) 
or the Pabst Laboratories (Milwaukee, Wisconsin). P** was obtained 
from the Oak Ridge National Laboratories. The PP* was prepared by 
pyrolysis of KH.P*O, according to Kornberg and Pricer (18) ; it contained 
1 to 2 per cent orthophosphate. 

Enzymes—The enzyme UDPG dehydrogenase was prepared from calf 
liver acetone powder according to the method of Strominger et al. (9). 
Phosphoglucomutase was prepared from rabbit muscle by the procedure 
described by Najjar (19). Glucose-6-phosphate dehydrogenase was ob- 
tained from the Sigma Chemical Company. The inorganic pyrophos- 
phatase of yeast was a gift of Dr. Phillip Robbins; Neurospora DPNase 
was a gift of Dr. Robert M. Burton. 

Enzymatic Assay for UDP-Gal Pyrophosphorylase—Unless otherwise 
stated, the assay for UDP-Gal pyrophosphorylase activity was based on 
the incorporation of 1-C'*-labeled galactose-1-P (500,000 c.p.m. per umole) 
into nucleotide in the presence of UTP. The nucleotide was identified as 
UDP-Gal in the manner described below. After incubation of the sub- 
strates with the enzyme at 38° for 30 minutes, the reaction was stopped by 
the addition of 0.3 ml. of 5 per cent trichloroacetic acid, and the pre- 
cipitate was washed with 10 ml. of distilled water. The trichloroacetic 
acid supernatant solution and washings were combined, and the pH was 
adjusted to 2.5 by the addition of 1.5 ml. of 0.2 m glycine buffer (pH 2.5). 
The nucleotides were then adsorbed on charcoal (Norit) and eluted with 
ammoniacal ethanol (20). An aliquot of the Norit eluate was then trans- 
ferred to steel planchets and counted in a proportional gas flow counter 
at infinite thinness. Fig. 1 shows the dependence of the incorporation of 
radioactivity into uridine nucleotide on enzyme concentration. 1 unit of 
enzyme activity is defined as the incorporation of 10° ¢c.p.m. into nucleo- 
tide in 30 minutes at 38°. 

Other Methods—Protein was determined according to Warburg and 
Christian (21) or by the method of Lowry et al. (22). PP was measured 
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as orthophosphate by the method of Fiske and Subbarow (23) after treat- 
ment with either inorganic pyrophosphatase or acid hydrolysis. 

UTP was measured by the method of Kalckar and Anderson (24) by 
using UDPG pyrophosphorylase (as found in the ammonium sulfate II] 
fraction reported below). UDPG was measured according to Strominger 
et al. (9) with UDPG dehydrogenase. Glucose 1-phosphate was deter- 
mined enzymatically with phosphoglucomutase, glucose-6-phosphate de- 
hydrogenase, and triphosphopyridine nucleotide. Glycogen was measured 
according to Roe (25). 

The procedure and apparatus used in the resin electrophoresis of the 
enzyme preparation were similar to those described by Kunkel and Slater 
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Fie. 1. Enzyme-velocity curve. The reactants included 50,000 ¢.p.m. of C% 
labeled galactose-1-P (specific activity 500,000 c.p.m. per umole), 2 umoles of UTP, 
5 umoles of MgCls, 40 umoles of Tris buffer, pH 7.6, and enzyme (ammonium sulfate 
IIT) ina volume of 1.0ml. Incubation was for 30 minutes at 38°. 
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(26, 27). The polyvinyl resin, Geon, was obtained from the B. F. Good- 
rich Company, Cleveland, Ohio, as Geon No. 426. Prior to use, the 
resin was washed extensively with water to remove any ultraviolet ma- 
terial and then washed twice with 0.1 m Tris buffer, pH 8.0. The resin, 
slightly moist, was then poured onto a plastic slab, which was surrounded 
by wax paper and supports, to form a block which was approximately 
30 X 9 X 15cm. Strips of absorbent cotton, previously moistened with 
buffer, served as wicks to connect the ends of the resin block with the 
reservoirs containing graphite electrodes in 0.1 m Tris buffer, pH 8.0. 
For the electrophoresis of the enzyme, a narrow, rectangular wedge was 
first removed in the center of the block (approximately 7.0 0.5 X 11) 
em.), and then the enzyme was pipetted into the “trough.” The pre 
viously removed resin was replaced with a spatula. For optimal results, 
the volume of added enzyme was kept below 2.0 ml., and the protein 
added did not exceed 60 to 75 mg. Electrophoresis was carried out in4 
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cold room (3-5°) for 18 hours at a current of 20 to 25 amperes and 150 
volts. 


Results 
Evidence for Synthesis of UDP-Gal from Galactose-1-P and UT P 


Initial studies were carried out with pigeon liver which was homogenized 
in 0.1 m KCl to give a 10 per cent homogenate. The homogenate was 
then separated into cellular constituents by means of differential cen- 


TABLE I 
Enzymatic Synthesis of UDP-Gal by Cell Fractions of Pigeon Liver Homogenate 
The complete system included 50,000 c.p.m. of C-labeled galactose-1-P, 2 umoles 
of UTP, 5 umoles of MgCl», 30 umoles of KF, 40 umoles of Tris buffer, pH 8.0, and 100 
mg. of protein of the respective liver fractions, and the volume was adjusted to 1.5 
ml. Incubation was for 30 minutes at 38°. The mixtures were deproteinized by the 
addition of 0.3 ml. of 5 per cent TCA, and the nucleotides were adsorbed and eluted 


from Norit as described under ‘‘Materials and methods.’”’ In the control tubes 
UTP was omitted. 
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trifugation (28). The nuclear, mitochondrial, and microsomal fractions 
were washed three times with 0.1 m KCl. Incubations were carried out 
with UTP and 1-C™-labeled galactose-1-P by using the whole homogenate 
and the various cellular subfractions and then deproteinized and treated 
with Norit as described under ‘‘Materials and methods.” As indicated 
in Table I, it was observed that significant incorporation of counts into 
uridine nucleotide occurred with the whole homogenate and the nuclear 
and supernatant (soluble) fraction. Similar results have also been ob- 
tained with rat and human liver tissue, the latter obtained by surgical 
biopsy. The tissue distribution of the enzymatic activity in the rat 
appears in Table II. Extracts of calf liver acetone powder also were 
active and were used as a source of enzyme in the purification procedures 
outlined below. 

Further studies were carried out to identify the labeled nucleotide in 
the Norit eluates. These eluates were chromatographed in the neutral 
and acid ethanol-ammonium acetate systems of Paladini and Leloir (29) 
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Subsequent autoradiography revealed the labeled compound to have anil 
R, identical to that of UDP hexose in both solvent systems. The label 

nucleotide was then eluted with 50 per cent ethanol, and the volumes o 
the eluates were reduced to 2.0 ml. and then subjected to acid hydrolysis 
by the addition of 0.02 ml. of 2 nN H,SO, and heating at 100° for 15 min 
utes. This was followed by the addition of 0.3 ml. of 0.3 nN Ba(OH), 
and 0.1 ml. of 5 per cent ZnSO,. After centrifugation the supernatant 
solution was decanted, reduced in volume by a stream of air, and sub. 
jected to paper chromatography in pyridine-ethyl acetate-water and then 





TaBLeE II 
Tissue Distribution of UDP-Gal Pyrophosphorylase Activity in Rat 

The tissues were excised, homogenized with 0.1 M KCl buffer, and then subjected 
to centrifugation. Assays were done on the supernatant fraction remaining at/ 
100,000 X g. These fractions were first saturated with solid ammonium sulfate, and 
the sedimented protein was washed twice with neutralized ammonium sulfate to 
remove glycogen. The reaction mixtures contained 1 umole of UTP, 65,000 c.p.m. 
of C!4-labeled galactose-1-P (specific activity 500,000 c.p.m. per wmole), 10 umoles of 
MgCl2, 20 umoles of Tris buffer, pH 7.6, and 0.2 to 1.5 mg. of tissue protein in a total 








volume of 0.4 ml. Incubation was for 30 minutes at 38°. 
Tissue source | Specific activity 
| units per mg. protein 
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water-saturated phenol. Authentic samples of galactose-C™ and glucose- 
C™ were used as reference compounds. Autoradiography of the paper 
chromatograms showed the majority of the labeled product to migrate 
similar to galactose in both solvent systems. Small amounts of labeled 
glucose (10 to 15 per cent of the counts) were usually detected when 
crude liver preparations were used. This was in all likelihood due to the 
conversion of UDP-Gal to UDPG by UDP-Gal-4-epimerase catalyzed by 
endogenous DPN (30). In support of this was the observation that, 
when the reaction was carried out with a partially purified enzyme prep- 
aration (ammonium sulfate II described below) which had been prein- 
cubated with DPNase, no labeled glucose could be detected upon paper 
chromatography of the hydrolyzed Norit eluate. 

It was realized that in these crude fractions the synthesis of UDP-Gal 











It was 
in whi 
To ac 
cent s 


precip 


The 
¢.p.m.) 
umole | 
proteir 
mixtur 
eluate 
violet - 





None. 
Galact 
Glucos 





sulfat 
remo\ 
ice-CO 
This 
demo 
In ot! 
with 
UDP 
stage: 
eribec 
PP 
gluco; 
radio: 
cubat 
when 


ve an 


bel 


nes oO 


‘olysis 
) min- 


(OH), 
latant 


1 sub4 





| then! 


; 


jected 
‘ing at! 


te, and 
fate to 
¢.p.m. 
oles of 
a total 


[ucose- 
paper 
nigrate 
labeled 
when 
to the 
zed by 
1 that, 
e prep- 
prein- 
| paper 


P-Gal 


os 





K. J. ISSELBACHER 435 


under the given experimental conditions might not proceed by Reaction 
4, but could readily result as the product of Reactions 1 and 3, as follows: 





* * 
(1) UDPG + galactose-1-P = UDP-Gal + glucose-1-P 
(3) UTP + glucose-1-P = UDPG + PP 
* _ 
(4) UTP + galactose-1-P = UDP-Gal + PP 


It was therefore important to carry out the incubations under conditions 
in which glycogen, glucose-1-P, and UDPG could be shown to be absent. 
To achieve this the pigeon liver supernatant fraction was made 70 per 
cent saturated with neutralized ammonium sulfate, and the resultant 
precipitate was washed four times with 20 volumes of saturated ammonium 


TaBLeE III 
Exchange of Radioactive Label between UTP and PP® 

The reaction mixture contained 2 umoles of UTP, 0.05 umole of PP*® (70,000 
¢.p.m.), 2 umoles of MgCl2, 10 umoles of KF, 20 wmoles of Tris buffer, pH 7.2, 0.1 
umole of hexose phosphate as indicated, and enzyme (methanol fraction, 0.4 mg. of 
protein) in a total volume of 0.6 ml. Incubation was for 15 minutes at 38°. The 
mixture was deproteinized with 0.2 ml. of TCA and treated with Norit, and the Norit 
eluate was chromatographed in neutral ammonium acetate-ethanol (29). The ultra- 
violet-absorbing UTP spots were eluted and counted. 











Addition } Per cent radioactivity in UTP 
Rn Se Saas. cy ld gee eu eratnee Eee wows | 2 
Galactose-1-P..... ee ect rants ce mre ee 37 
STOTT PRS ey ee eee | 56 





sulfate (adjusted to pH 7.0 with NH,OH). This was usually sufficient to 
remove any detectable glycogen. The precipitate was then dissolved in 
ice-cold distilled water and dialyzed for 18 hours against distilled water. 
This fraction was shown to possess enzymatic activity and yet contain no 
demonstrable glycogen, glucose-1-P, or UDPG by the methods described. 
In other instances the ammonium sulfate ‘“‘washed” fraction was treated 
with Dowex 1 acetate rather than dialysis to remove glucose-1-P and 
UDPG. Tests for these substrates were also carried out on the first two 
stages of purification of the enzyme from beef liver acetone powder des- 
cribed below. 

PP® exchange studies provided additional evidence for the absence of 
glucose-1-P. It will be seen in Table III that negligible exchange of 
radioactivity occurred when the enzyme (methanol fraction) was in- 
cubated with UTP and PP®, but exchange could readily be demonstrated 
when galactose-1-P or glucose-1-P was added to the system. These 
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observations on the lack of exchange between P*-labeled pyrophosphate 
and UTP are similar to the observations of Neufeld et al. (11), but contrary 
to those of Munch-Petersen who observed such exchange even in the 
absence of hexose phosphate with a purified yeast UDPG pyrophosphoryl- 
ase (31). 


Enzyme Preparation and Partial Purification 


For purposes of preparation and purification beef liver acetone powder 
was used as a source of enzyme. Beef liver, freshly obtained from the 


slaughterhouse was sliced in strips and chilled in crushed ice, and the | 


acetone powder was prepared according to Horecker (32). Dry powder 
stored at —15° could be used for at least 4 months. The purification pro- 
cedure was carried out at 0-5°. 

Step 1. Aqueous Extract of Acetone Powder and Initial Precipitation with 
Ammonium Sulfate—25 gm. of acetone powder were extracted in 250 ml. 
of distilled water for 30 minutes, followed by centrifugation. The residue 
was discarded. To 200 ml. of the supernatant fraction were added 95 gm. 
of ammonium sulfate to bring the saturation to 70 per cent. The ad- 
dition of ammonium sulfate was made gradually and with constant stirring. 
After 20 minutes, the mixture was centrifuged. The precipitate was 
then washed by suspending it in 250 ml. of neutralized saturated ammonium 
sulfate and stirring for 10 minutes, followed by centrifugation. This 
procedure was carried out four times, after which the precipitate was 
dissolved in 160 ml. of water. No detectable glycogen was found after 
the above washing procedure. 

Step 2. Reprecipitation with Neutralized Ammonium Sulfate (between 40 
and 55 Per Cent Saturation)—To 150 ml. of the previous preparation were 
added 101 ml. of neutralized saturated ammonium sulfate, gradually and 
with constant stirring. After 20 minutes the precipitate was removed 
and discarded. To the supernatant solution were added 83 ml. of ammo- 
nium sulfate in the same manner; the precipitate obtained by centrifuga- 
tion was dissolved in 100 ml. of distilled water. 

Step 3. Additional Reprecipitation with Ammonium Sulfate (between 35 
and 55 Per Cent Saturation)—The preparation was about 6 per cent sat- 
urated with ammonium sulfate as determined by conductivity with a 


Barnstead purity meter (Barnstead Still and Sterilizer Company, Boston, | 
Massachusetts). 25 ml. of ammonium sulfate were added to bring the | 


saturation to 35 per cent, and the precipitate was discarded. To the 
supernatant solution were then added 34 ml. of ammonium sulfate. The 
precipitate was dissolved in 40 ml. of water and dialyzed overnight against 
4 liters of distilled water. 

Step 4. Fractionation with Methanol (16 to 23 Per Cent Saturation)—40 


ml. « 
ml. 





cons 
| solut 
| 451 
| wate 
/ was. 

St 
| elect 
| cribe 


Fic 
cente! 
under 
(®@)a 


fracti 
was | 
cm.), 
The | 
elute 
majo! 
Fract 
The | 
0.1 vw 
of U" 
Table 
the p: 

Sta 
did n 


XUM 


ate 
ary 
the 
ryl- 


der 
the 
the 
yder 
pro- 


with 
ml. 
idue 
gm. 
ad- 
ring. 
was 
ium 
This 
was 
after 


n 40 
were 

and 
oved 
amo- 
fuga- 


mn 85 
, Sat- 
ith a 





ston, 
y the | 


) the 
The 


ainst 


)—40 


K. J. ISSELBACHER 437 
ml. of the enzyme were immersed in a salt bath at —5° to —8°, and 7.5 
ml. of methanol (previously chilled to —10°) were added slowly with 
constant stirring. The mixture was centrifuged, and the supernatant 
solution was placed ina bath at — 10°, followed by the further addition of 
4.5 ml. of methanol. The resultant precipitate was dissolved in 5 ml. of 
water. There was usually a slight amount of insoluble material which 
was centrifuged off. 

Step 5. Electrophoresis—Further purification was achieved by means of 
electrophoresis with the polyvinyl resin Geon. When this procedure (des- 
cribed under ‘‘Materials and methods”) was used, the previous methanol 
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Fic. 2. Electrophoresis of enzyme. The methanol fraction was placed in the 
center of a Geon resin slab, subjected to electrophoresis, and then eluted as described 
under “‘Materials and methods.”” The graph shows the distribution of the protein 
(@) and of enzyme activity (O). 


fraction was dissolved in 2.0 ml. of 0.1 m Tris buffer, pH 8.0. The enzyme 
was pipetted into a trough in the center of the resin block (30 X 9 X 1.5 
em.), and current was applied for 18 hours (150 volts, 20 to 25 amperes). 
The block was then cut into ten strips, each 3 cm. in width, which were 
eluted with 10 ml. of 0.05 m KCl and assayed. As seen in Fig. 2, the 
major enzymatic activity migrated toward the anode and was largely in 
Fraction 8. In contrast, most of the protein migrated toward the cathode. 
The eluate from Fraction 8 was lyophilized and dissolved in 2.0 ml. of 
0.1 m Tris buffer, pH 7.6. This fraction usually had negligible amounts 
of UTPase and inorganic pyrophosphatase activity. It will be seen in 
Table IV that, though there was less UDPG pyrophosphorylase activity, 
the preparation was still not free of this contaminating enzyme. 

Stability of Enzyme—The ammonium sulfate fractions were stable and 
did not lose appreciable activity after storage for 3 weeks at —15°. The 
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methanol fraction lost about 50 per cent of its activity after 8 to 10 days 
at the same temperature. The electrophoresis fraction varied in stability, 
usually retaining about 80 per cent of its activity after 7 days of storage 











TaBLe IV 
Partial Purification of UDP-Gal Pyrophosphorylase 
| | | Ratio,* 
Step Volume |_ Units | Protein | Specific ea 
| activity | UDP-Gal 
| pyrophosphorylaset 
J | mee | gai de 
1. Extraction and initial am- | 
monium sulfate............ 160 | 2200 | 2270 0.97 | 0.78 
2. Ammonium sulfate II........| 100 2050 | 1270 1.61 | 0.72 
3. m - ee 1865 810 2.30 | 0.69 
SE a ee 5 408 52 7.85 0.48 
5. Geon electrophoresis......... 3.0 112 3.2 35.1 0.09 








* The ratio of the two enzymes is the ratio of their specific activities in the respec- 
tive protein fractions. UDPG pyrophosphorylase was determined by the incorpor- 
ation of counts per minute into uridine nucleotide (Norit eluate) upon incubation of 
PP® with UDPG. 1 unit of UDPG pyrophosphorylase is defined as 10‘ c.p.m. of 
PP* incorporated into nucleotide in 30 minutes at 38°. 

¢ 1 unit of UDP-Gal pyrophosphorylase activity is defined as 10° c.p.m. of galac- 
tose-C' incorporated into nucleotide in 30 minutes at 38°. 
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Fig. 3. Effect of pH on reaction velocity. The system was the same as that in 
Fig. 1, with 40 umoles of Tris buffer. 
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at —15°; however, repeated freezing and thawing usually reduced the | 


activity of this fraction. 


Properties of Partially Purified Enzyme 
Effect of pH—The incorporation of galactose-1-P into UDP-Gal had a 


broad pH optimum between 7.2 and 8.0 in Tris or phosphate buffer. The | 
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peak was at about pH 7.6 (Fig. 3), and most reactions were carried out 
at this pH. 

Substrate Affinity—The relation between reaction velocity and con- 
centration of reactants is shown in Figs. 4 and 5. The data are also 
graphed according to Lineweaver and Burk (33) from which a K,, of 
1.05 X 10-* m was calculated for galactose-1-P and a K,, of 3.8 K 10-* m 
for UTP. 
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Fic. 4. Effect of UTP concentration on UDP-Gal formation. The reaction con- 
ditions were as described in Fig. 1, except that UTP concentration was varied and 
1.2 mg. of enzyme (ammonium sulfate fraction III) were used. The data represented 
by the solid circles are plotted according to Lineweaver and Burk (33). 

Fic. 5. Effect of galactose-1-P concentration on UDP-Gal formation. The reac- 
tion conditions were as described in Fig. 1, except that the galactose-1-P concen- 
tration was varied and 1.2 mg. of enzyme (ammonium sulfate III) were used. The 


data represented by the solid circles are plotted according to Lineweaver and Burk 
(33). 


Effects of Metals and Inhibitors—The pyrophosphorylase reaction re- 
quired the presence of a divalent cation, as seen in Table V. Optimal 
activity occurred with Mg++ at a concentration of 10 wmoles per ml. 
Mn** at the same concentration was only slightly effective, while Cut* 
and Cot++ were inactive. The addition of Versene effectively inhibited 
the reaction. 

Preincubation of the enzyme with p-chloromercuribenzoate resulted in 
loss of activity, amounting to 87 per cent inhibition at 10-* m (Table VI). 
The addition of an equimolar amount of glutathione prevented the in- 
hibition of p-chloromercuribenzoate. It will be noted that preincubation 
with glutathione (10-* m) produced a slight stimulation. The addition of 


other sulfhydryl reagents, such as N-ethyl maleimide and iodoacetate, had 
minimal effects. 
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Stoichiometry and Reversibility—With the enzyme fraction obtained by 
electrophoresis, the disappearance of UTP and galactose-1-P was matched 


TABLE V 
Metal Requirement for UDP-Gal Pyrophosphorylase 
The reaction mixture contained 1 umole of UTP, 50,000 c.p.m. of C-labeled galac- 
tose-1-P (specific activity 500,000 c.p.m. per umole), 20 wmoles of Tris buffer, pH 
7.6, 0.7 mg. of enzyme (methanol fraction), and additions as described below in 
volume of 0.5 ml. Incubation was at 38° for 30 minutes. The reaction was stopped 


with 0.2 ml. of 5 per cent TCA. Nucleotides were adsorbed and eluted from Norit | 


as described in the text. 
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TaBLe VI 
Effect of Sulfhydryl Reagents 


The experiment consisted of preincubating the substances listed below for 10 min- 
utes at room temperature with the enzyme (1.2 mg. of protein, methanol fraction), 
10 umoles of MgCle, and 20 umoles of Tris buffer, pH 7.6. This was followed by the 
addition of 1 wymole of UTP and 50,000 c.p.m. of C'*-labeled galactose-1-P (specific 
activity 500,000 c.p.m. per umole) in a total volume of 0.6 ml. Incubation was con- 
tinued for 30 minutes at 38°. 
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by the appearance of equimolar amounts of UDP-Gal and PP as shown in 
Table VII. Reversibility of the pyrophosphorylase reaction was demon: | 
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Taste VII 
Stoichiometry of UDP-Galactose Formation 

The reaction mixture contained 1.0 umole of UTP, 2.3 uwmoles of galactose-1-P 
(20,000 c.p.m. per umole), 5 wymoles of MgCl, 40 umoles of Tris buffer, pH 7.6, plus 
0.5 ml. of the electrophoresis eluate fraction in a total volume of 4.0 ml. After 
incubation for 30 minutes at 38°, the mixture was heated for 30 seconds in a boiling 
water bath and centrifuged. The reactants were analyzed as described under 
“Materials and methods”’ except that the galactose-1-P remaining after incubation 
was determined as the total counts in the Norit supernatant fluid plus two Norit 
washings (5.0 ml. each of 0.001 n HCl). 








Time of incubation 











Substrate ae —______—— — A 
| 0 min. | 30 min. | 
ri ee ween Cae eer ae 
ici spa sci Arete. 1.00 0.87 ~0.13 
eS rr ery 2.30 2.16 fh 28 
ioc odie sas nants eine 0.00 0.18 +0.11 
SS a rere 0.02 | 0.16 +0.14 
TaBLe VIII 


Evidence for Reversibility of UDP-Gal Pyrophosphorylase Reaction 

A series of six test tubes was set up in duplicate, each containing 2.0 ymoles of 
UTP, 70,000 c.p.m. of C'*-labeled galactose-1-P (specific activity 500,000 c.p.m. per 
umole), 5 umoles of MgCl, 40 wmoles of Tris buffer, pH 7.6), and 2.4 mg. of enzyme 
(ammonium sulfate III) in a total volume of 1.0ml. Incubation was at 38°, and the 
mixtures were deproteinized at the times indicated by heating at 100° for 30 seconds. 
At 10 minutes, 2.5 uymoles of pyrophosphate (0.2 ml.) were added to Tubes 5a and 6a 
and water (0.2 ml.) to Tubes 5b and 6b. The assays for the counts incorporated into 
nucleotide are as described in the text. 





























Experimental Control 
Time of incubation | 
| Tube No. C.p.m. in nucleotide | Tube No. C.p.m. in nucleotide 

min a = pie yan | 

0 | la | 150 | Ib 180 

3 | 2a 1380 2b 1200 

5 3a 2920 | 3b 2780 
10 | 4a 3850 | 4b 3760 

PP added H20 added 

6 ba | 2860 | 5b 3980 

20 6a 2400 | 6b 4200 








strable in several ways. Table VIII shows that theaddition of PP lowered 
the counts per minute incorporated into uridine nucleotide as compared 
to a control system in which water was added. These results were sup- 
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ported by additional studies with C-labeled UDP-Gal (isolated from 
the forward reaction). In a typical experiment 5 mg. of enzyme (am- 
monium sulfate III fraction) were incubated with 5.0 umoles of PP, 0.01 


umole of UDP-Gal (5500 c.p.m.), 5.0 umoles of MgCl, , 40 uwmoles of Tris | 
buffer, pH 7.6, in a total volume of 0.6 ml. for 30 minutes at 38°. After | 


deproteinization and treatment with Norit, 3100 c.p.m. appeared in the 
Norit, while in a control system in which PP was omitted the Norit super. 
natant solution contained only 460 c.p.m. 


DISCUSSION 


The data presented provide evidence for the existence in mammalian 
tissue of a pyrophosphorolytic reaction between UTP and galactose 1-phos- 





phate which results in the formation of UDP-Gal and PP. These ob. | 


servations are in agreement with evidence for a similar enzyme system 
described in yeast by Kalckar et al. (10) and in plants by Neufeld et al. 
(11). To be certain that this reaction was catalyzed by a specific UDP- 
Gal pyrophosphorylase, it was important to demonstrate that UDP-Gal 


synthesis did not result by the sum of Reactions 1 and 3. This could | 


have occurred if the enzyme system contained UDPG pyrophosphorylase | 


and galactose-l-phosphate uridyltransferase, together with catalytic 
amounts of either UDPG, glucose 1-phosphate, or glycogen. For this 
reason it was essential to eliminate these substrates from the enzyme 
preparation and to demonstrate their absence by specific and sensitive 
methods. An experiment supporting the existence of UDP-Gal pyro- 
phosphorylase as well as the absence of hexose 1-phosphate is shown in 
Table III. In the presence of the methanol fraction (which contained 
both UDP-Gal pyrophosphorylase and UDPG pyrophosphorylase ac- 
tivities) there was no significant exchange of label between PP® and UTP 
unless either galactose 1-phosphate or glucose 1-phosphate was added to 
the system. This supports the conclusion that the formation of UDP-Gal 
from UTP, galactose 1-phosphate, and the methanol fraction did not 
depend on the presence of catalytic amounts of glucose 1-phosphate. 

Further evidence for a UDP-Gal pyrophosphorylase distinct from 
UDPG pyrophosphorylase was possible by electrophoresis of the methanol 
fraction. This resulted in dissociation of the two enzymes as shown by 
the change in their respective activity ratios in the last column of Table 
IV. 

Other pyrophosphorylases of uridine nucleotides have been described in 


mammalian tissue in addition to the above. Maley et al. (34) found 4 | 


system in rat liver nuclei generating UDP glucosamine from UTP and 
glucosamine 1-phosphate. Also, in a rat liver supernatant fraction, 


Maley and Lardy (35) were able to demonstrate the synthesis of UDP 
N-acetylglucosamine from UTP and N-acetylglucosamine 1-phosphate, 
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but they did not report the reversal of this reaction by the supernatant 
fraction. Smith and Mills and Mills et al. (36, 37), on the other hand, 
observed that such a pyrophosphorolysis of UDP N-acetylglucosamine 
|-phosphate, as well as of UDPG, was possible with an extract of rat 
liver nuclei. In this respect, it is of interest that in the present inves- 
tigations UDP-Gal pyrophosphorylase activity was found in both the 
nuclear as well as the soluble fractions of mammalian liver. 

In considering the manner in which ingested galactose is utilized, it 
would appear that the sugar is first phosphorylated to galactose 1-phos- 
phate and is then converted to UDP-Gal by either a transferase (Re- 
action 1) or a pyrophosphorylase mechanism (Reaction 4). Observations, 
reported in a preliminary communication, have demonstrated that the 
activity of both of these enzyme systems is quite weak in fetal and neonatal 
liver tissue and increases in the adult organ (1). Similar findings have 
also been observed in human liver. It seems reasonable, therefore, to 
suggest that, in the disease galactosemia, pronounced symptoms occur 
during infancy, because at this time the patients have both an absence 
of galactose-1-phosphate uridyltransferase and possess only weak UDP-Gal 
pyrophosphorylase activity. The subsequent increase in activity of the 
latter enzyme with age would then effectively explain the improved 
galactose metabolism which occurs in these patients despite the continued 
lack of galactose-1-phosphate uridyltransferase. 


SUMMARY 


1. An enzyme has been observed in mammalian tissues which catalyzes 
the following reversible reaction: 


Uridine triphosphate + galactose 1-phosphate = 
uridinediphosphate galactose + pyrophosphate 


2. This enzyme, called uridinediphosphate galactose pyrophosphorylase, 
has been partially purified from extracts of liver acetone powder, and some 
of its properties have been studied. The enzyme is distinct from uridine- 
diphosphate glucose pyrophosphorylase but has not been completely 
separated from it. 

3. In the mammalian organism the direct conversion of a-galactose 
l-phosphate to uridinediphosphate galactose may proceed by two path- 
ways, one catalyzed by uridinediphosphate galactose pyrophosphorylase 
and the other by galactose-1-phosphate uridyltransferase. This provides 
an explanation for the galactose metabolism which may occur in galac- 
tosemia, in spite of the congenital deficiency of galactose-1-phosphate 
uridyltransferase. 


The author wishes to acknowledge the expert technical assistance of 








444 





MAMMALIAN PYROPHOSPHORYLASE 


Mrs. Muse Mager and Miss Elizabeth McCarthy during the course of 
this work. 


— 


BIBLIOGRAPHY 


. Isselbacher, K. J., Science, 126, 625 (1957). 
2. Leloir, L. F., in McElroy, W. D., and Glass, B., Phosphorus metabolism, Balti- 


more, 1, 67 (1951). 


. Kalekar, H. M., Science, 125, 105 (1957). 


(Fre 


Kalckar, H. M., Anderson, E. P., and Isselbacher, K. J., Biochim. et biophys, 


acta, 20, 262 (1956). 


. Isselbacher, K. J., Anderson, E. P., Kurahashi, K., and Kalckar, H. M., Science, 


123, 635 (1956). 


. Schwarz, V., and Golberg, L., Biochim. et biophys. acta, 18, 310 (1955). 

. Townsend, E. H., Jr., Mason, H. H., and Strong, R. R., Pediatrics, 7, 760 (1951). 
. Eisenberg, F., Jr., Isselbacher, K. J., and Kalekar, H. M., Science, 125, 116 (1957). 
. Strominger, J. L., Maxwell, E. S., Axelrod, J., and Kalckar, H. M., J. Biol. 


Chem., 224, 79 (1957). 


. Kalckar, H. M., Branganca, B., and Munch-Petersen, A., Nature, 172, 1038 (1953). 
. Neufeld, E. F., Ginsburg, V., Putnam, E. W., Fanshier, D., and Hassid, W. Z., 


Arch. Biochem. and Biophys., 69, 602 (1957). 


. Colowick, 8. P., J. Biol. Chem., 124, 557 (1938). 
. Leloir, L. F., ond Trucco, R. E., in Colowick, 8. P., and Kaplan. N. O., Methods 


in enzy mology, Baltimore, 1, 290 (1955). 


. Wilkinson, J. F., Biochem. J., 44, 460 (1949). 

. Cohn, W.E., J. An. Chem. See. 72, 1471 (1950). 

. Jermyn, M. A., and Isherwood, F. A., Biochem. J., 44, 402 (1949). 

. Wellington, E. F., Biochim. et biophys. acta, 7, 238 (1951). 

. Kornberg, A., and Pricer, W. E., Jr., J. Biol. Chem., 191, 535 (1951). 

. Najjar, V. A., J. Biol. Chem., 175, 281 (1948). 

. Crane, R. K., and Lipmann, F., J. Biol. Chem., 201, 235 (1953). 

. Warburg, O., and Christian, W., Biochem. Z., 310, 348 (1941-42). 

. Lowry, O. H., Rosebrough, N. J., Farr, A. L., and Randall, R. J., J. Biol. Chem., 


193, 265 (1951). 


. Fiske, C. H., and Subbarow, Y., J. Biol. Chem., 66, 375 (1925). 
. Kalckar, H. M., and Anderson, E. P., in Colowick, 8. P., and Kaplan, N. 0., 


Methods in enzymology, New York, 3, 976 (1957). 


. Roe, J. H., J. Biol. Chem., 212, 335 (1955). 
. Kunkel, H. G., and Slater, R. J., Proc. Soc. Exp. Biol. and Med., 80, 42 (1952). 
. Kunkel, H. G., in Glick, D., Methods of biochemical analysis, New York, |, 


141 (1954). 


. Schneider, W. C., and Hogeboom, G. H., J. Biol. Chem., 188, 123 (1950). 

. Paladini, A. C., and Leloir, L. F., Biochem. J., 51, 426 (1952). 

. Maxwell, E. S., J. Am. Chem. Soc., 78, 1074 (1956). 

. Munch-Petersen, A., Acta chem. Scand., 9, 1523 (1955). 

. Horecker, B. L., J. Biol. Chem., 188, 593 (1950). 

. Lineweaver, H., and Burk, D., J. Am. Chem. Soc., 56, 658 (1934). 

. Maley, F., Maley, G. F., and Lardy, H. A., J. Am. Chem. Soc., 78, 5303 (1956). 

. Maley, F., and Lardy, H. A., Science, 124, 1207 (1956). 

. Smith, E. E. B., and Mills, G. T., Biochim. et biophys. acta, 13, 386 (1954). 

. Mills, G. T., Ondarza, R., and Smith, E. E. B., Biochim. et biophys. acta, 14, 159 


(1954). 


Th 


of : 
ac 
diff 
fou 
me 
lar 


tak 
this 
| fou 
con 
tra 
tior 
abs 


sim 
me 


The 
the 
mM § 


Its 
for 
In ¢ 
one 
(in 


Div 


XUM 































e of 
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yphys, 
_ Studies conducted both in vivo and in vitro on the intestinal absorption 
of amino acids have shown that two absorptive processes are involved, an 
“active” one and one of diffusion. Gibson and Wiseman (1, 2) reported 
1951). differences in the absorption of p and L isomers of methionine when they 
1957). found that there was a greater absorption of the L isomer and that p- 
— methionine was not absorbed against a concentration gradient (2). Simi- 
(1953). | lar isomeric differences were obtained by Agar et al. (3). 
W. Z., | Christensen et al. (4) reported that pyridoxine affects the cellular up- 
| take of amino acids. This group (5) has extended their work to study 
ous | this effect in the intact rat by the use of a-aminoisobutyric acid. They 
e 


found a low tissue uptake and increased liver levels of the amino acid in a 
condition of pyridoxine deficiency that was reversible upon the adminis- 
tration of pyridoxine by injection at the time of the amino acid administra- 
tion. Fridhandler and Quastel (6) reported an inhibition of intestinal 
absorption of pL-alanine by deoxypyridoxine in vitro. 

The purpose of this report is to present some of our findings on the 
similarities encountered in a study of the absorption of L-, p-, and DL- 
methionine. The isomers were perfused in animals maintained on an 
Chem., adequate diet and animals that had received additional deoxypyridoxine. 
These studies of continuous intestinal absorption and net load exchange of 
the methionine isomers have been carried out on the rat with use of an 





N. 0., oe : . 
in situ perfusion technique. 

1952). EXPERIMENTAL 

York, 1, The in situ perfusion apparatus has been described in some detail (7). 
Its use has been demonstrated in absorption studies of glycine (8, 9) and 
for a preliminary report on the absorption of the methionine isomers (10). 
In essence, the apparatus consists of two independent circulatory systems, 
one of which passes through a cannulated segment of the small intestine 
(in situ) and a reservoir, and another which maintains the temperature of 

(1956). * Supported in part by funds from the American Cancer Society, North Dakota 
Division, Inc. 

). t National Institutes of Health Medical Student Research Fellow. 
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— mm : i 
the reservoir. The rate of perfusate flow and its temperature can be con- 


trolled, and samples can be obtained for analyses without disrupting the 
system. Continuous absorption curves can be established for a single 
animal in the steady state, which yield data that agree with net load 
exchange determinations. 

Adult Sprague-Dawley white male rats, fasted 20 hours, were anesthe- 


tized by intraperitoneal injection of a 2 per cent solution of sodium pento- | 


barbital in a dose of 50 mg. per kilo of body weight. Segments of the 
upper small intestine were cannulated, the ingoing cannula being inserted 
3 cm. distal to the pylorus and the outgoing cannula 10 em. distally. 


In these series of experiments 10 ml. of 20 mm amino acid in 0.9 per cent | 
NaCl were measured into the reservoir. The first ml. which passed through | 
the segment was discarded and the perfusate flow was maintained at a | 


rate of 1 to 2 ml. per minute. The reservoir temperature was 37-38°, 


Samples for chemical analyses (0.25 ml. each) were aspirated from the | 


system at predetermined intervals; their volumes and contents were ae- 
counted for as well as the final volume and amino acid concentration of 
the perfusate. These analyses provided the data for continuous absorption 
curves and the net load exchanged. Net water exchange was minimized 
by keeping the perfusate isotonic, the amino acid being present in 0.9 
per cent NaCl. 

L-, D-, DL-Methionine react similarly to produce a quantitative color 
intensity by the modification of Horn et al. (11) of the Sullivan procedure 
for determination of methionine. This method with control standards 
was employed for all methionine determinations, with the use of appro- 
priately diluted perfusate samples. 

The experimental rats had been maintained on a regimen of Purina 
laboratory chow before the perfusion experiments. This foodstuff sup- 
plies more than the minimal requirements of pyridoxine.! The levels of 
deoxypyridoxine hydrochloride? administered to the animals were arbi- 
trarily set at 0.2 and 0.4 mg. per day. One series of animals received the 
antimetabolite intraperitoneally and the others subcutaneously for varied 
periods of time. Control groups and also the experimental animals were 
maintained on the stock diet until the fasting period just before perfusion 
with the particular methionine isomer. 


Results 


Absorption of L-, D-, and pt-Methionine—Since it was essential that | 
control groups of rats and those receiving the antimetabolite be studied | 


1 Supplier’s analysis, pyridoxine, 4.3 p.p.m. 


. 
* Through the courtesy of Mr. Z. M. Gibson of the Medical Division, Merck and | 


Company, Inc. 
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under identical conditions, and since it was of interest to learn the effect 


of these conditions upon the absorption of the methionine isomers, a series 
of experiments was carried out to establish the continuous absorption 


Net Load Exchanged (Ihr) 4ooPer cent Absorbed 





No. of -75- 
Animals 


\o 












































L- 5 30 45 60min. 

Fic. 1. Absorption of methionine isomers (L-,p-, and DL-) expressed as the per- 
centage of the initial load perfused through a 10 cm. intestinal segment (shaded 
areas). Rate curves are simultaneous absorption patterns for the same groups of 
rats. 


D-Methionine Absorption 
Net Load Exchanged Per cent Absorbed 
O- 




















No. of - ” 
Animals au Is 75 
Times 
Control | Injected 50} 
0 10 - 40} a Control 
a - 30F i - 
— _—* Antivitamin 
: ° , e 
de 20 . we 
- 10} ~““ 
- 0 

















15 30 45 60min. 


Fic. 2. Effect of deoxypyridoxine upon p-methionine absorption. The experi- 
mental group of fifteen rats was injected subcutaneously daily with 0.4 mg. of deoxy- 
pyridoxine hydrochloride at each time indicated in the scatter of points in the second 
bar. Rate curves are pooled data for each respective group. 
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patterns of L-, p-, and pL-methionine from an upper small intestinal seg- 
ment, and to determine also the net load exchanged during a 1 hour period, 
The data show that L-, p-, and pi-methionine are absorbed from this 
intestinal segment at the same continuous rate under the conditions of 
the experiments. These results are corroborated by the net load ex- 


L-Methionine Absorption 
* peewee (10cm. segment) 
O Control 


(7 animals) 


40} 








O te L.P., (Yehr. before perf) | 
Kuo LP., (5 days +1Yzhrs. 
20 q ove before pertusion)| 
en eX 
O ua?” oa 
10} ereee 
0 s ‘ Ss. = ; 
15 30 45 60 min. 


Fic. 3. Effect of deoxypyridoxine upon the rate of t-methionine absorption. (0) 
and (@), pooled data; the group represented by (@) was injected subcutaneously 
with deoxypyridoxine hydrochloride (Group E, Fig. 4). (A) and (A), single animals 
injected intraperitoneally. The (A) curve represents the continuous absorption for 
an animal that received 0.2 mg. of deoxypyridoxine hydrochloride } hour before per- 
fusion. The (A) curve represents an animal treated with five daily injections of the 
antivitamin, and with the sixth injection 14 hours before perfusion; each injection 
contained 0.2 mg. of deoxypyridoxine hydrochloride. 


changed. The continuous absorption rate curves for these isomers shown 
in Fig. 1 are essentially identical, as well as the data presented for the net 
load exchanged. 

Effect of Deoxypyridoxine on D-Methionine Absorption—Rats injected 
subcutaneously with 0.4 mg. of deoxypyridoxine hydrochloride exhibit a 
marked depression in their ability to absorb p-methionine. It makes no 
difference whether the antivitamin is administered daily over 5 or 10 days 
when the final injection is made about 1 hour before perfusion. This 
inhibitory effect is plotted in Fig. 2. The scatter of loads exchanged is 
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graphed along with the number of injections administered for the experi- 
mental group. There is an average drop in absorption from 45 per cent 
of the load to 23 per cent. Pooled data of this group with their respective 
controls in the absence of antivitamin are plotted to demonstrate the 
continuous rate of absorption. The inhibitory effect of the antivitamin 
is apparent from the slopes of the absorption curves. 


L-Methionine Absorption 
Net Load Exchanged (/Ocm. segments, thr. perfusion) 
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Fic. 4. Effect of deoxypyridoxine upon t-methionine load exchange. The intra- 
peritoneally injected (I.P. inj.) group is shown as individual animals. Rat A re- 
ceived 0.2 mg. of deoxypyridoxine hydrochloride 4 hour before perfusion; Rat B 
received two injections of the same dose, one 18 hours and the second } hour before 
perfusion. Both Rats C and D received six injections of 0.2 mg. each; Rat C received 
its sixth injection 14 hours before perfusion and Rat D received the sixth injection 
5 hours before perfusion. Group E was injected subcutaneously with 0.2 mg. of 
deoxypyridoxine hydrochloride daily for the number of times indicated by the scatter 
of points in the bar. 


Effect of Deoxypyridoxine on t-Methionine Absorption—One group of 
rats of this series was treated with deoxypyridoxine hydrochloride intra- 
peritoneally and the other subcutaneously. Controls were not injected 
with the antivitamin but were handled in all other respects in a similar 
fashion. 

Fig. 3 presents a series of continuous absorption rate curves for the 
control group and those receiving the antivitamin. The inhibitory effect 
upon intestinal absorption of t-methionine is demonstrated for all rats 
treated with the antivitamin. This effect is brought about in those 
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animals receiving a single intraperitoneal injection of 0.2 mg. of the anti- 
vitamin 3 hour before perfusion or in daily doses for as many as 6 days, 


with the final injection within 1} hours before perfusion of the amino acid. | 


These effects are the same for those animals receiving the antimetabolite 
subcutaneously over a range of 4 to 10 days before perfusion. 

The findings for the net load of t-methionine exchanged under these 
conditions are presented in Fig. 4. Those rats in the intraperitoneally 
injected group, perfused within 1} hours after the final injection of the 
antimetabolite, all exhibited less absorption of methionine than did the 
control group; 27 per cent of the load was absorbed compared with 47 per 
cent for their respective controls. However, the inhibitory effect was 
negligible in the instance in which a period of 5 hours had elapsed between 
the final injection of deoxypyridoxine and the start of perfusion, even 
though the antimetabolite had been administered daily for the previous 
5 days. Animals which received deoxypyridoxine hydrochloride subeu- 
taneously exhibited the same inhibited absorption as did those receiving 
it intraperitoneally. These subcutaneously injected rats received the 
antimetabolite daily from four to ten times, as is indicated in Fig. 4. In 
all instances the results followed essentially the same pattern. 

Load exchange data for these experiments (Fig. 4) corroborate the 
findings for the rates of continuous absorption as presented in Fig. 3. 


DISCUSSION 


These experiments have been designed (7) to permit study of the con- 
tinuous absorption pattern for periods of 1 hour and simultaneously to 
obtain a load exchange study which provides data that are more readily 
compared with the findings of others. 

Rats which received deoxypyridoxine hydrochloride and also the con- 
trols were maintained on the stock diet throughout this interim. During 
the experimental period the antivitamin-treated animals received the 
vitamin factor from the stock diet. 

These experiments have shown that L-, b-, and pi-methionine are 
absorbed at similar rates from the upper intestinal segment under these 
experimental conditions. The experiments differ from those of others 


who employed not only a different procedure but also intestinal segments } 


located lower in the intestinal tract (1, 3). 
The antivitamin was injected into the experimental rats to control the 
dose level. The inhibitory effects of the antivitamin were exhibited 


rapidly, and its effect, at the level administered, was elicited independently | 


of the number of days under treatment. It was essential that the final 
injection of deoxypyridoxine be made at a relatively short time prior to 
perfusion in order to demonstrate the inhibitory effect. This has been 
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brought out in the data for both the L- and p-methionine, as shown in Figs. 
2and 4. The mode of injection, subcutaneous or intraperitoneal, did not 
influence significantly the inhibitory effect, which was the same by either 
route, as evidenced in the data of Figs. 3 and 4. 

There is evidence indicating that pyridoxine is involved in the “active”’ 
absorption of amino acids (4, 5). These experiments extend the evidence 
indirectly in that the absorption of both p- and L-methionine is impaired 
or blocked by deoxypyridoxine, even though the animal has been receiving 
the vitamin in its daily ration. 


The authors wish to thank Mr. D. E. Nickerson and Mr. R. W. Lambie 
for their valuable technical assistance. 


SUMMARY 


Intestinal absorption of L-, p-, and pi-methionine has been studied 
by an in situ perfusion technique. These isomers are absorbed at similar 
rates as exhibited by their continuous absorption and net load exchange 
from the perfused intestinal segment. 

There is marked inhibition of intestinal absorption of both L- and p- 
methionine in rats treated with deoxypyridoxine before perfusion. This 
inhibitory effect is brought on rapidly. 
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THE ROLE OF ZINC IN ALCOHOL DEHYDROGENASES 


II. THE KINETICS OF THE INSTANTANEOUS REVERSIBLE 
INHIBITION OF YEAST ALCOHOL DEHYDROGENASE 
BY 1,10-PHENANTHROLINE* 


By FREDERIC L. HOCH, ROBERT J. P. WILLIAMS,+ 
AND BERT L. VALLEE 


WitTH THE TECHNICAL ASSISTANCE OF ELISABETH C. LINCOLN 


(From the Biophysics Research Laboratory of the Department of Medicine, Harvard 
Medical School, and the Peter Bent Brigham Hospital, Boston, Massachusetts) 


(Received for publication, November 19, 1957) 


The inhibition of yeast alcohol dehydrogenase! activity produced by 
1,10-phenanthroline, a zinc-binding reagent, has been studied intensively 
as an example of the action of a chelating agent on a metalloenzyme. 
The data (1-3) indicate that OP brings about two distinct types of inacti- 
vation of YADH: (a) an instantaneous? and reversible inhibition and (b) 
a time-dependent and irreversible inhibition. The present report de- 
scribes the features of the instantaneous type, whereas the kinetics of the 
time-dependent inhibition are the subject of a separate communication 
(4). The velocity constants of a sequence of postulated enzymatic reaction 
steps which seem consistent with the data have been determined. 


EXPERIMENTAL 


DPN (Pabst Laboratories) was 95 per cent pure, as estimated by the 
cyanide complex formation (5). DPNH (Sigma Chemical Company) was 
95 per cent pure, and its concentration was estimated spectrophoto- 
metrically at 340 my before use (6). Reagent grade 95 per cent ethanol 
was used without further purification, and acetaldehyde (Eastman Organic 


* These studies were supported by a contract No. NR-119-227 between the Office 
of Naval Research, Department of the Navy, and Harvard University, by a grant- 
in-aid from the National Institutes of Health, and by the Howard Hughes Medical 
Institute. 

For Paper I of this series, see Hoch and Vallee (1). 

{ Fellow of Wadham College, Oxford University; Associate on Associate Staff in 
Medicine, Peter Bent Brigham Hospital, 1956. 

1 The abbreviations are: YADH, yeast alcohol dehydrogenase; LADH, horse liver 
aleohol dehydrogenase; DPN, diphosphopyridine nucleotide; DPNH, reduced diphos- 
phopyridine nucleotide; OP, 1,10-phenanthroline. 

*“Tnstantaneous”’ is defined as the shortest time in which the reaction rate could 


be measured after all the components of the YADH reaction have been brought into 
contact. 
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Chemicals Department, Eastman Kodak Company) was freshly distilled 
daily at 24°. Other materials, glassware, and enzyme preparation were as 
previously described (2). The enzyme contained 3.8 gm. atoms of zine 
per mole of protein (2). 

Activity, v, was measured at 23° in 3.0 ml. of 0.13 ionic strength phos. 
phate buffer, pH 7.5, by estimation of the initial linear change in absorbance 
at 340 my (2), and is expressed as change in moles of DPNH per second 
per mole of YADH, based on a molecular weight of YADH of 150,00 
(7). The reaction DPN — DPNH (the forward reaction) was carried out | 
with 3 y of YADH, and DPNH — DPN (the back-reaction) with 2  of| 
YADH; protein was measured spectrophotometrically at 280 my (7), 





Coenzyme and substrate concentrations were varied, as indicated below, 
When one component of the reaction mixture was varied at rate-limiting | 
concentrations, the other was present in concentrations which produced 
optimal activity, as shown by separate experimentation. 1, 10-Phen.- | 
anthroline hydrochloride (G. Frederick Smith Chemical Company) was | 
neutralized and dissolved in the phosphate buffer, and was added directly 
to the reaction mixture. In these studies, enzyme was always added last 
in order to start the reaction, thereby avoiding any exposure of enzyme 
to OP alone. All activities were estimated about 5 seconds after addi- | 
tion of YADH, and the linear changes of absorbance at 340 my were ob- 
served for the following 10 to 20 seconds, allowing for the assumption 
that initial rates of enzymatic activity were being measured. 

Coenzyme, substrate, and inhibitor (OP) concentrations were varied in 
the reaction mixture, and the resultant rates of enzyme velocity were 
plotted according to Lineweaver and Burk (8). Lines were fitted to 
experimental points by the method of least mean squares, and the degree 
of linearity was expressed as the correlation coefficient, r, as previously 
described (1). 


Results 


Instantaneous, Reversible Inhibition by OP—Activity of YADH is in- 
hibited as a function of OP concentration in a reaction mixture containing 
1.67 X 10-* m DPN and 0.33 o ethanol (Fig. 1); 60 per cent of the control 
activity is observed in the presence of 7 X 10-*m OP. The solubility di! 
OP precludes studies at higher concentrations. OP also inhibits the re-| 
verse reaction; in the presence of 3.33 X 10-4 m DPNH and 8.3 X 10°4) 
acetaldehyde, 50 per cent of control activity is observed at 3.5 X 10“ uy 
OP. § 

OP inhibits instantaneously (Fig. 1) under these experimental conditions.) 
This inhibition is completely reversible by dilution, as exemplified by the 
following experiment. The enzyme shows 71 per cent of control activity) 
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in the presence of 4.0 X 10-* m OP, and 90 per cent in the presence of 1.3 
x 10-* m OP. Experimentally, when the enzyme inhibited by 4.0 x 
10° m OP is diluted so that the final OP concentration is 1.31 X 10-* m, 
91 per cent activity ensues. Activity is thus restored by dilution of a 
high concentration of OP to exactly that level expected from direct exposure 
to the lower OP concentration. Changes in enzyme concentration alone 
do not affect this inhibition. 
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Fic. 1. The instantaneous, reversible inhibition of YADH activity by OP. 
Partial activity of crystalline YADH versus the concentration of OP. The inhibitor 
is in the reaction mixture at pH 7.5, in 0.13 ionic strength phosphate buffer; 23°; 
DPN, 1.67 X 10-* M; ethanol, 0.33 m. Activity (DPN — DPNH) is measured upon 
the addition of YADH. The points (X) represent partial activity when a reaction 
mixture containing 4 X 10-* m OP is diluted after activity is measured (v;/v, = 0.71), 
to produce a final OP concentration of 1.31 X 10-* m; only enzyme and OP are diluted. 
Uninhibited activity is V.; inhibited activity is Vj. 

Fig. 2. Kinetics of the instantaneous, reversible inhibition of YADH activity by 
OP when DPN concentration is varied in the reaction mixture. All the lines are 
calculated by the method of least mean squares, and r = the correlation coefficient. 
Activity measurements, (C2.H;OH) = 0.33 M; the initial rate of DPN — DPNH is 
measured in 0.13 ionic strength phosphate buffer, pH 7.5; 23°. 


The degree of inhibition by a given concentration of OP is a function of 
the concentration of DPN or DPNH, as previously reported (1). The 
interactions among the active enzymatic sites on YADH, OP, coenzyme, 
and substrate were determined quantitatively by experiments in which 
the concentrations of the last three materials were varied in the reaction 
mixture. 

Effects of Varying Coenzyme Concentrations—Fig. 2 shows a plot of 
reciprocal reaction velocities versus reciprocal DPN concentrations; the 
ethanol concentration was 0.33 mM. Calculated lines that fit these data 
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intersect at vu! = 4.9 X 10° sec.; this value is V,,—', the extrapolated 
reciprocal of the maximal velocity of the forward reaction. The slopes 
increase with increasing OP concentrations. 

Fig. 3 shows a similar plot when DPNH concentration was varied; the 
acetaldehyde concentration was kept constant at 8.33 K 10-* M. These 
calculated lines, like those in Fig. 2, also have a common intercept which 
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Fia. 3. Kinetics of the instantaneous, reversible inhibition of YADH activity by 
OP, when DPNH concentration is varied in the reaction mixture. The lines are 
calculated as in Fig. 2. Activity measurements, (CH;CHO) = 8.33 X 107 m; the 
initial rate of DPNH — DPN is measured in 0.13 ionic strength, phosphate buffer, 
pH 7.5; 23°. 

Fia. 4. Kinetics of the instantaneous, reversible inhibition of YADH activity by 
OP, when ethanol concentration is varied in the reaction mixture. The lines are 
calculated as in Fig. 2. Activity measurements, (DPN) = 1.67 X 10-* M; the rate is 
measured as in Fig. 2. 


of the back-reaction at 6.0 X 10-‘ sez.; again the slopes increase with 
increasing OP concentration. 

When the data in Fig. 2 are plotted as v~ versus (OP), straight lines 
are obtained which intersect at v=! = 5.0 X 10-*sec.; (OP) = —24 X 10°’ 
mM. The linearity of the reciprocal velocity data, when plotted against 
the first power of OP concentration, indicates that 1 molecule of the in- 
hibitor (OP) combines with each enzymatic site (9). The common point 
of intersection of the lines is at V,,-! and —Kop, the apparent dissociation 
constant of the enzyme-inhibitor (YADH-OP) complex (1, 9); the value 
of Kop is thus 2.4 X 10-* m. The data for DPNH (Fig. 3), similarly 
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plotted, produce lines which intersect at vt = 6.0 X 10~ sec.; (OP) = 
-1.5 X 10-* m; the value of Kop derived from data on the back-reaction 
is 1.5 X 10-* M. 

Effects of Varying Substrate Concentrations—Fig. 4 demonstrates Line- 
weaver-Burk plots when the concentration of ethanol is varied, and the 
DPN concentration is 1.67 X 10-* mM. Both the intercepts, v-, and the 
slopes increase with increasing concentrations of OP. Lines that fit 
the data within the experimental error of the velocity determinations 
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Fig. 5. Kinetics of the instantaneous, reversible inhibition of YADH activity, 
when acetaldehyde concentration is varied in the reaction mixture. The lines are 
calculated as in Fig. 2. Activity measurements, (DPNH) = 3.33 X 10-‘ M; the rate 
is measured as in Fig. 3. 


of intersection corresponds to the negative reciprocal value of the Michaelis 
constant of ethanol (9), and is in agreement with the value of the Michaelis 
constant determined from the control line. The inhibition is thus non- 
competitive between OP and ethanol. 

Similar findings with varying concentrations of acetaldehyde, when 
DPNH concentration is 3.33 X 10- M, are shown in Fig. 5. Both the 
intercepts and the slopes increase as OP concentrations rise. The data 
fit lines that intersect at v-? = 0; (CH;CHO)" = —Keu,cuo™, and the 
inhibition also appears to be non-competitive between acetaldehyde and OP. 

The data in Figs. 4 and 5, when plotted as v— versus the first power of 
OP concentration, fit straight lines, indicating again that 1 molecule of 
OP combines with each enzymatic site; the lines do not intersect. 
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Formulation 


The data presented in Figs. 2 to 5 appear to be consistent with the fol. 
lowing reactions: 


ky 





YADH-Zn + DPNH 





YADH-Zn-DPNH (1) 


2 





k 
YADH-Zn-DPNH + H* + CH;CHO = > YADH-Zn-DPN + C.H,OH (2) 


6 


ks 


YADH-Zn-DPN a YADH-Zn + DPN (3) 





, 


Kop 





YADH-Zn + OP YADH-Zn-OP (4) 





Since the inhibitor employed identifies only the participation of zinc but 
not that of possible ancillary sites, the empirical formula, YADH-2n, 
represents here each zinc atom of [((YADH)Zn,] as the only enzymatic 
site for the purposes of this formulation, and as a site of attachment of the 
coenzyme to form the active complexes YADH-Zn-DPN and YADH-Za- 
DPNH. No ternary complex of any significant duration which involves 
zinc atoms as a common coenzyme-substrate-binding locus is postulated 
here, and Equations 1 to 3 are formally identical with those proposed by 
Theorell and Chance (10), which did not, however, involve zinc. 

Equation 4 represents the binding of 1 molecule of OP to each zine atom 
to form the enzyme-inhibitor complex YADH-Zn-OP. The existence of 
this complex, previously postulated, could be inferred from the linearity 
of v- versus (OP) plots of the data in Figs. 2 to 5. Spectrophotometric 
studies (11) provide direct experimental proof for the existence of an 
analogous enzyme-inhibitor complex, LADH-Zn-OP, and similar studies 
are in progress on the yeast enzyme. The equilibrium constant, Kop, 
represents the concentration of OP which inhibits the enzyme to 50 per 
cent of control activity in the absence of the coenzyme. The value of 
Kop is derived from extrapolation of the data in Figs. 2 and 3, as described, 
and is thus independent of the concentration of the coenzyme. Equation 
4, in conjunction with Equations 1 and 3, implies that the inhibition by OP 
is competitive with DPN and with DPNH, but not with the substrates, 
this deduction being based on the data in Figs. 2 to 5. 

The velocity constants in Equations 1 to 4 above may be formulated in 
terms of enzymatic velocities thus, employing formulations, and as 
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sumptions previously proposed (10); for the reaction, DPN — DPNH 


d(CsHsOH) [1 as eS 
ae ky | ke(C:HyOH) * ks(DPN) | (5) 


4 ks 1+ (OP) -1 
kskg(DPN)(C2H;OH) Kop 


and for the reaction DPNH — DPN 
d(CH,CHO) [1 1 1 (OP) 
ee ae [? * ()R(CH.CHO) * m(DPNED E . ag sad 


oe 




















ke 1+ (OP) | 
k,(H*)k,(DPNH)(CH;CHO) Kop 


Equation 6 may be solved graphically after rearrangement (see below) 
for ky, ke, ks, and (H*)k,, by use of the given constant value for (DPNH) 
and the data in Fig. 5 (CH;CHO variation). The value of Kop» is derived, 
as described, from plots of v versus (OP). Similarly, the graphic solu- 
tion of Equation 5 gives values for ke, k3, ks, and ks from data on the reac- 
tion DPN — DPNH when (C,H;OH) is varied (Fig. 4). 

Rearrangement of Equation 5 or Equation 6 to the form, y = az + b, 
permits graphic solution for the velocity constants. 

The solution of Equation 6, for example, is possible by setting y = vo. 
When (CH;CHO) is varied and « = (CH;CHO), then the slopes, 





- a eee 14, (OP) : 
aia (H*)k, k,(H*)k,(DPNH) Kop ” 


and the intercepts, 





os 4 (OP) - 
ky” kk(DPNH) ion 8) 


The slopes, a, and the intercepts, b, are those observed in the calculated 
Lineweaver-Burk lines in Fig. 5. When these slopes, a, are plotted against 
(OP), as in Fig. 6, A, the slope of that line is equal to kp/(k,\(H+)kiK op 
(DPNH)) and its intercept is 1/((H*+)ks) + ke/(k\(H+)k,(DPNH)). A 
plot of the intercepts b versus (OP), as in Fig. 6, B, results in a line with 
a slope 1/(k\Kop(DPNH)) and an intercept 1/k3; + 1/(k,(DPNH)). 
Since (DPNH) is constant and is known in the experiments shown in Fig. 
5, and since Kop is derived from the data independently (see above), the 
values for ky, ke, ks, and (H+)k, can be derived from Equations 7 and 8 
by simultaneous solution. 

A solution for velocity constants cannot be obtained from the data in 
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Fic. 6. Calculation of the velocity constants ki, ke, k;, and (H+)k, from the data 
in Fig. 5. For the details, see the text. 


TABLE I 
Velocity Constants Derived from Data on OP-Inhibited YADH 
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experiments (Fig. 3) where (DPNH) is varied, since the Lineweaver-Burk 
lines all intersect at (DPNH)™ = 0, and thus there is an insufficient number 
of equations to solve for the constants. Similar considerations hold for 
DPN. 

The results of such calculations are shown in Table I, where the velocity 
constants derived from the experiments in Figs. 4 and 5 are listed opposite 
each substrate and the non-rate-limiting concentration of the coenzyme 
is given. In Experiment 5, the values of velocity constants calculated 
from the data on the uninhibited reaction by the method of Theorell et al. 
(12) are shown. The values for k,, k3, and (H*+)k, are calculated from 
the data of Nygaard and Theorell (13) obtained in phosphate buffer, pH 
7.15, ionic strength 0.1, and are presented in Experiment 6. In Column 7, 
the K, values derived from the Lineweaver-Burk lines in the absence of 
OP are listed, and in Column 8 the K,, values derived from the calculated 
velocity constants are compared; the K,, values for the coenzyme are 
calculated from the velocity constants in Experiments 2 and 4. 


DISCUSSION 


Considerations involved in the kinetic analysis of the effects of OP as a 
zinc-binding inhibitor of YADH have been discussed previously (1). All 
the data have been consistent with the conclusion that OP acts upon a 
zine atom of YADH to inhibit activity, and recent results in another 
laboratory (14) confirm this conclusion. Direct evidence for such an 
interaction has been obtained (11) with [((LADH)Zn,.]. In contrast to 
the inhibition when OP and YADH are preincubated (4), the inhibition 
described here is completely reversible and is instantaneous within the 
sense of these experiments (Fig. 1). Thus the interaction between the 
zinc atoms of [((YADH)Zn,] and OP under these conditions is similar in 
rate to that between Zn** ions and OP in solution (15). Apparently zinc 
is so bound to the protein of YADH that at least one coordination site on 
the metal is available for chelation with OP under these conditions without 
the intervention of time-dependent changes in the entire protein or in 
the ligand groups of the protein binding the zinc. Such slow changes 
have been interpreted to be the basis of the irreversible inhibition on 
preincubation (1), and are analyzed in a separate communication (4). 

The instantaneous interaction of OP with the zinc atoms of YADH is 
competitive with DPN (Fig. 2) and with DPNH (Fig. 3). These findings 
are consistent with those previously obtained with DPN under specific 
conditions of preincubation (1). Neither DPN (2) nor DPNH (3) com- 
petes with OP after the preincubation-induced time-dependent irreversible 
inhibition; the reasons for this are detailed elsewhere (4). From the 
present studies, it is concluded that 1 molecule of DPN or of DPNH is 
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bound at or near each zine atom of [((YADH)Zn,], and that each zine 
atom behaves independently. This conclusion is consistent with ultra. 
centrifuge equilibrium studies which demonstrate that DPN and DPNH 
are bound to YADH at a common locus (7). The possibility of the 
existence of other coenzyme-enzyme bonds in addition to the coenzyme. 
zinc-enzyme bonds is, of course, not excluded by the data presented here. 

The instantaneous reversible interaction of OP with YADH, in contrast 
to its competition with the coenzyme, is non-competitive (16) with ethanol 
(Fig. 4) or with acetaldehyde (Fig. 5). This type of inhibition is con- 
sistent with the reaction scheme in Equations 1 to 4. It is compatible 
with the binding of OP to an “active” zinc atom on the enzyme, and the 
binding or interaction of ethanol or acetaldehyde at a different site, either 
on the enzyme or on the coenzyme. There is, however, a difference in 
the values of Kop calculated for the forward and the back-reactions; the 
inhibition in the presence of acetaldehyde is 1.6 times that in the presence 
of ethanol. Although this difference is small enough to be within the 
experimental error, the analogous interaction of OP with LADH? may yet 
be found to indicate that there is a real effect of the substrates on the OP 
inhibition. OP inhibits the reduction of acetaldehyde by the liver enzyme 
some seven times more strongly than it does the oxidation of ethanol when 
corrections are made for the competitive action of coenzyme, and the 
inhibition is not purely non-competitive with the substrates. This could 
also, of course, indicate that LADH operates via a reaction scheme which 
is different from that of YADH. 

Whatever the details of the mechanism may be, none of the kinetic 
evidence available indicates that ethanol or acetaldehyde is bound to zine 
directly. These findings would seem to rule out a ternary complex in 
which zine chemically binds the substrate, coenzyme, and enzyme simul- 
taneously, although this role has been hypothesized for the metal (17, 
18). Such data as these, based as they are on the action of a metal- 
binding inhibitor, cannot explain directly any mechanisms in which the 
metal is not involved. Thus, the inclusion of ternary complexes such as 
YADH-Zn-DPN-C;H;OH and YADH-Zn-DPNH-CH;CHO in the reac- 
tion scheme cannot be judged further, and it is possible that their existence 
is consistent with the present data. Others have reached similar con- 
clusions as the result of different considerations (13). Direct experimenta- 
tion to evaluate the existence of such ternary complexes is in progress. 
The present method of graphic solution is incapable of solving for the 
additional velocity constants introduced when such ternary complexes are 
included. 

The kinetic data (Figs. 2 to 5) on the instantaneous, reversible inter- 


3 Vallee, B. L., Williams, R. J. P., and Hoch, F. L., in preparation. 
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action between YADH and OP are consistent with the binding of 1 mole- 
cule of OP to each site of enzymatic activity. This enzyme-inhibitor 
complex has an apparent dissociation constant, Kop = 1.5 X 10° m 
to 2.4 X 10-* m in 0.05 m phosphate buffer, pH 7.5, 23°, derived from ex- 
trapolation of velocity data, and therefore it is independent of DPN or 
DPNH concentrations. The value derived from the point of 50 per cent 
inhibition on a plot of partial activity versus OP concentration (Fig. 1), 
usually interpreted as Kop, is higher because of the competition with the 
1.67 X 10-* m DPN present, but becomes identical with the apparent 
Kop when corrected for this. 

The kinetics of the inhibition by OP thus permit the formulation of a 
complete reaction scheme, as is presented in Equations 1 and 4, and deduc- 
tions from this set of reactions result in values for the velocity constants. 
The mechanism presented is only a possible one. The internal consistency 
of the constants derived from experiments in which different components 
of the reaction are varied is, however, a criterion of the permissibility of 
the scheme, and the inconsistencies are an index of invalid assumptions 
and may indicate a more likely reaction mechanism. The degree of 
consistency which may be expected in values for velocity constants is 
also a function of the precision of the experimental data. 

The velocity constants and the Michaelis constants derived from data on 
OP inhibitions and those derived from the uninhibited reaction rates by the 
method of Theorell ef al. (12) are in good agreement. The Michaelis 
constants, furthermore, agree well with values obtained by others under 
slightly different conditions (7, 13), with the exception of Kppyu, which 
is some ten times greater here. This discrepancy is not explained, but has 
been observed consistently. The velocity constants calculated from the 
data of Nygaard and Theorell (13) also agree well with the others, except 
for k,, the association velocity for enzyme and DPNH, which is six to ten 
times greater than that from the present data; this may be due to the greater 
sensitivity of the fluorometric method (13) for measuring the initial rate 
of enzyme association with DPNH, and seems related to the observed 
discrepancy in Kppyu. From the data on inhibitions, the values for ks 
and k; derived from the forward or the back-reaction agree well over a 
range of substrate concentrations, indicating that the dissociation velocities 
of the enzyme-coenzyme complexes are relatively independent of the sub- 
strate concentrations; this is consistent with Equations 1 and 3 and with 
data obtained by ultracentrifugal equilibria (7). The rates of dissociation 
of the YADH-coenzyme complexes, kz and k3, are the lowest velocities 


| obtained, and thus represent the rate-limiting steps for the forward and 


reverse reactions in this formulation, in agreement with other observa- 
tions (13), although absolute values were not given. 
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SUMMARY 


The kinetics of the instantaneous, reversible inhibition of yeast alcohol 
dehydrogenase (YADH) activity by a metal-binding agent, 1, 10-phe. 


| 
| 


nanthroline (OP), have been investigated. 1 molecule of diphospho-| 


pyridine nucleotide or of reduced diphosphophyridine nucleotide com.| 


petes with 1 molecule of OP, indicating that the coenzyme is bound 
to [((YADH)Zn,] at or near each of the zinc atoms. Ethanol or acet- 
aldehyde does not compete with OP, and the zinc atoms thus do not appear 


to be the chemical locus of a ternary complex. The inhibition data, | 


together with a formulation of the reaction steps and a method for graphic 
solution, allow calculation of the velocity constants. The rate of dis- 
sociation of the enzyme-coenzyme complex appears to be a rate-limiting 
step. The formulation of YADH action in the light of these observed 
interactions with its zinc atoms is consistent with other data obtained 
without consideration of the metal as an active site. 
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THE ROLE OF ZINC IN ALCOHOL DEHYDROGENASES 


Il. THE KINETICS OF A TIME-DEPENDENT INHIBITION OF YEAST 
ALCOHOL DEHYDROGENASE BY 1,10-PHENANTHROLINE* 


By ROBERT J. P. WILLIAMS,} FREDERIC L. HOCH, 
AND BERT L. VALLEE 


WITH THE TECHNICAL ASSISTANCE OF ELISABETH C. LINCOLN 


(From the Biophysics Research Laboratory of the Department of Medicine, Harvard 
Medical School, and the Peter Bent Brigham Hospital, Boston, Massachusetts) 


(Received for publication, November 19, 1957) 


Yeast alcohol dehydrogenase! is inhibited reversibly and instantaneously 
when brought into contact with 1,10-phenanthroline (1). The kinetics 
of this inhibition indicate that 1 molecule either of OP or of coenzyme is 
bound to the enzyme at or near each zinc atom, but that the binding of the 
substrates differs from that of the coenzyme (1). When enzyme and OP 
are preincubated before the activity is measured, a time-dependent inhibi- 
tion results (2-4) which is only partly reversible. Thus, there seem to be 
two different mechanisms for this inactivation. The kinetics of the time- 
dependent inhibition produced by preincubation at 0.2° has been studied 


| here, and a reaction mechanism is proposed to explain this inhibition. 


Glass, | 


6, 264 


), 1148 


(1951). 


} 
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Methods and Materials 


YADH and reagents were prepared as previously described (2). YADH 
concentration was measured spectrophotometrically (5). The inhibition 
of the activity of YADH as a function of the duration of preincubation with 
OP was measured as follows. The enzyme was mixed with various 
amounts of OP in 0.1 m phosphate buffer, pH 7.5; the control contained 
noOP. All components of the mixture were adjusted to 0° before mixing 
in a refrigerated bath and were maintained at 0.2° + 0.02°. After the 
start of the preincubation, 0.2 ml. aliquots of the mixture were removed at 
measured times and introduced into a reaction mixture consisting of 1.67 X 
10° m phosphate buffer, pH 7.5, 23°, and containing 1.67 X 10-* m DPN 


*This work was supported by contract No. NR-119-227 between the Office of 
Naval Research, Department of the Navy, and Harvard University, by a grant-in- 
aid from the National Institutes of Health, and by the Howard Hughes Medical In- 
stitute. 

t Fellow of Wadham College, Oxford University; Associate on Associate Staff in 
Medicine, Peter Bent Brigham Hospital, 1956. 

The abbreviations used are YADH, yeast alcohol dehydrogenase; LADH, horse 
liver aleohol dehydrogenase; OP, 1,10-phenanthroline. 
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and 0.33 m ethanol. The subsequent velocity of the reaction DPN 
DPNH was measured by the initial linear rate of increase in absorbance 
at 340 mu, and activity, v, was expressed as moles of DPNH produced per 
second per mole of YADH. The aliquot removed from the preincubation 
mixture contained 3 y of YADH, and the final concentration of both YADH 
and OP in the reaction mixture was fifteen times more dilute than in the 
preincubation mixture. The introduction of the small aliquot did not 
change the temperature of the reaction mixture measurably. 


Results 


Time-Course and Reversibility of OP Inhibition—Enzyme activity, », 
decreases as a function both of the duration of preincubation with OP 





oP 
2 - (x10°M) 
0 





v, sec?! (x10"2) 











Oo 20 40 60 
DURATION OF PREINCUBATION (minutes) 


Fig. 1. Effect of duration of preincubation of YADH with varying concentrations 
of OP. Conditions of preincubation: 0.1 M phosphate buffer, pH 7.5, 0.2°. Aliquots 
are removed at the times indicated and the rate v, of DPN — DPNH, is measured. 
Reversibility of the inhibition by 5 X 10-* m OP is tested by dilution at the time 
marked by the arrow (see the text). 


and of the OP concentration (Fig. 1). With 5 X 10-* m OP, the highest 
concentration used, 12 per cent inhibition is observed instantaneously, 
and such instantaneous inhibition is also present to a lesser degree at the 
lower concentrations of OP. 

The inhibition after preincubation is only partly reversible (Fig. |, 
dotted line). This fact was established by introducing a 0.5 ml. aliquot of 
the preincubation mixture, which contained enzyme and 5 X 10-* OP, 
into 2.0 ml. of phosphate buffer at 0.2° (Fig. 1, arrow). An aliquot of this 
new mixture (OP = 1 X 10-* mM) was removed as quickly as possible 
(<10 seconds) and activity was measured. The time-course of the inac- 
tivation of this 5-fold diluted mixture was then followed, as was that of the 
parent solution, by the similar removal of aliquots and the measurement of 
activities at the times indicated in Fig. 1. Immediately after dilution, 
activity increases 7 per cent, and thereafter the rate of inactivation of the 
mixture diluted to contain 1 X 10-* m OP follows the same course as that 
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of a mixture which contains a concentration of 1 X 10-* m OP from the 
beginning. The degree of inactivation of the diluted mixture, however, 
is greater at any corresponding time than that of a mixture starting with 
1X 10-*m OP. 

Previous studies (3) and controls in the present studies have shown that 
changes in the concentration of enzyme only do not affect the inhibition by 
OP under these experimental conditions. 

Formulation of Time-Dependent OP Inhibition—The correspondence of 
the data in Fig. 1 with a postulated mechanism for the inhibitory reactions 
between enzyme and OP was estimated from the following considerations. 
1 molecule of OP interacts with an enzymatic site of YADH reversibly and 
instantaneously (1): 

Kop 
YADH-Zn + OP ——— YADH-Zn-OP (1) 

The empirical formula YADH-Zn represents here each zinc atom of 
((YADH)Zn,] as a single, free, active enzymatic locus, and as the site of 
interaction with OP to produce an _ enzyme-inhibitor complex, 
YADH-Zn-OP. Kop, the apparent dissociation constant of the instan- 
taneous, reversible reaction, is 8.2 X 10-* m at 0.2° under the experimental 
conditions used here; its value has been obtained by extrapolation (1), and 
is independent of coenzyme concentration. 

When the data in Fig. 1 are plotted as the logarithm of v versus the dura- 
tion of preincubation (Fig. 2), the rate of inactivation closely follows first 
order kinetics for the first 50 minutes. There is an initial loss of activity 
at high OP concentrations, which is not restored completely by dilution 
(Fig. 1), and thus the observed inhibition is not completely reversible. 

The partial irreversibility and the progressiveness of the inhibition with 
time, when enzyme and inhibitor are preincubated, indicate a different 
type of inhibition from that which is formulated in Equation 1. At the 
same time, the reaction in Equation 1 must be assumed to exist in any 
mixture of YADH and OP. Let E represent each active, independent 
enzymatic site with which the inhibitor, 7, can interact, without any sug- 
gestions as to the chemical nature of the interactions. The instantaneous 
inhibition in Equation 1 then becomes 


, 


Kr 
ae (2) 





E+TI 





and, since this must occur in the preincubation mixture and thus EJ is 
formed, the time-dependent inhibition may be conceived as 


EI a EIp (3) 


Equation 3 implies that the dissociable enzyme-inhibitor complex, EJ, is 
changed irreversibly, in an enzymatic sense, at a rate k, to an unreactive 
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complex, EJp. Since Fig. 1 demonstrates that the rate of inactivation 
is a function of the concentration of OP in the preincubation mixture, 
Equation 3 must be represented more correctly by Equation 4 


EI + nl sac EI,, — EIp (4) 


where m = n + 1, suggesting that this process is the result of a further 
interaction of the EJ complex with n molecules of J, and therefore EJ, 
can be thought of as only an activated state or as the actual product, 
EI. Kinetic studies will not distinguish between such alternatives. 
The dissociable enzyme-inhibitor complex, EJ, is formed very rapidly 
and its concentration also depends upon the concentration of OP in the 
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Fic. 2. First order plot, log vp, versus duration of preincubation, of the time- 
dependent inhibition of YADH by varying concentrations of OP, including zero 
(v-). The data are those shown in Fig. 1. 


preincubation mixture (Equation 2) (1). The amount of undissociable 
enzyme-inhibitor complex, EJ, in its turn is a function of the concentration 
of EI and of the concentration of J. According to this scheme, only the 
concentration of EJ, varies with the duration of preincubation, the con- 
centration increasing at a rate dependent upon the velocity constant, k. 





—~—— 


The formation of this undissociable complex continuously and irreversibly | 


removes enzyme from the reaction so that the amount of active or poten- 
tially active enzyme steadily decreases at a predictable rate. This rate is 
expressed by 

d( EI») 


= n 5) 
7 K(ED(D) ( 





and, from Equation 2, 
d(EIm) _ k(I)™(B) 





dt Kr 











The 


ments. 
stands 
I. Th 
mental 
syme, | 
tivity 1 

The 
and fro 


Actin 


and th 


from E 


If tl 
inhibit 
t= 0, 


Equ: 
permis 
a strai; 
consta: 
v)/t ve 
tained 
the va 
molecu 
should 
v,)/t = 
will be 





tion 
ure, 


(4) 
ther 
EI, 
juct, 


idly 
the 


time- 
- zero 


‘iable 
ation 
y the 

con- 
at, k. 





rsibly | 


oten- 
ate is 


(5) 








R. J. P. WILLIAMS, F. L. HOCH, AND B. L. VALLEE 469 


The total amount of enzyme (£7) is constant, as is (J) in these experi- 
ments. There is no measurable decrease of activity when the enzyme 
stands for 65 minutes, as in a preincubation mixture, but in the absence of 
]. The activity of the control, v., is therefore constant under these experi- 
mental conditions. Enzymatic activity at any time is related to free en- 
zyme, (EZ) = A-v,, where A is a proportionality constant and v, is the ac- 
tivity remaining at any time of preincubation, ¢, in the presence of J. 

The total enzyme during preincubation is (Hr) = (£) + (E/) + (EI,), 
and from Equation 2, 


(Er) = (E) E + -4 + (EI,,) (7) 
Ky 


Activity during preincubation is therefore represented by 


A (I) (8) 
1 — 
+ Ki 


and the rate of change of activity during preincubation by 


1 dv, Kr _ d(EIn) ©) 
A dt Kr+(1) dt ; 





from Equaticn 6 and the relationship v, = (#)/A 
dvypy sk» 
% Kr + yt (10) 
If the instantaneous reaction (Equation 2) which produces the initial 
inhibition in Fig. 1 is ignored for the present, integration between v, at 
t = 0, and », at ¢ gives 


0.434k(I)™t 


log 2, — logo, = ————— 
O€ Up og 2 Ki + 


(11) 


Equation 11 allows graphic solution for the rate constant, k, by use of 
permissible values for m. When (log v, — log »,) is first plotted versus t, 
a straight line should be obtained at each value of (J), since k and K; are 
constants for all values of (J). A second plot, of the slopes (log v, — log 
,)/t versus (0.434(I)™)/(Kr + (J)), where the values for the slopes are ob- 
tained from the first plot at each experimental value for (J), and where 
the value assigned to m is chosen to conform with the actually existing 
molecular stoichiometry of the reaction yielding those experimental data, 
should have the following characteristics. When (J) = 0, (log v, — log 


v.)/t = 0; the points should fall on a straight line; the slope of this line 
will be k. 
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By use of the relationships illustrated in Equation 11, the inhibition 
data shown in Fig. 1 can be evaluated for their correspondence to several 
different molecular stoichiometries for the slow reaction. First, log Vp, 
including (OP) = 0 when v, = »,, is plotted against duration of incubation, 
t, at various values of (OP), as in Fig. 2. The data fit linearity for the 
first 50 minutes; the estimated slopes of the resultant lines at different 
concentrations of OP are the first order velocity constants, (log v» — log 
v.) per minute. A second graph is constructed with these estimated values: 
the ordinate is (log v, — log v.) per minute. The location of these points 
on the abscissa depends upon the choice of the value for m in Equation 11 
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Fic. 3. Determination of kz, when m is chosen to be 2. The points are the rates 
of the first order inactivations shown in Fig. 2, (log vp — log v-) per minute of prein- 
cubation, at each OP concentration. The line is calculated by the method of least 
mean squares; the correlation coefficient, r, is 0.995. The slope of the line, kz, is 
—13.0(log v, — log v.) per minute of preincubation per molar concentration of OP in 
the preincubation mixture, at 0.2° in 0.1 M phosphate buffer, pH 7.5. 


Previous kinetic studies (3) have indicated that YADH interacts with 2 
molecules of OP under similar conditions of preincubation. Therefore, 
the simplest assumption, 7.e. m = 2, is made (Fig. 3). The abscissa then 
becomes 0.434(OP)? [Kop + (OP)]-!.. The value of (OP) on the abscissa 
corresponds to the concentration of OP in a preincubation mixture that 
produces a measured first order rate of inactivation, and Kop is the ap- 
parent dissociation constant for the complex Z-OP (Equation 1), witha 
value of 8.2 X 10-* M, as determined under these experimental conditions. 

Such a plot of the data of Fig. 2, shown in Fig. 3, demonstrates that the 
points that were found experimentally fit the linearity to a very high degree 
(r = 0.995), and that the regression line calculated to fit these points passes 
through the origin ((OP) = 0) when m = 2. This plot thus fits the ct 
teria cited above for an acceptable choice of a value for m. 
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Different values for m being presumed, other mechanisms which are 
possible but less likely, in view of the considerations described above, were 
tried similarly, but the experimental data did not fit a straight line passing 
through the origin. The following mechanism is thus consistent with the 
data in Fig. 1: 


Kop 





E + OP E-OP (12) 








E-OP + OP a > E-OP» “a E-OPp (13) 


The slope of the calculated line in Fig. 3 represents k, in Equation 13, 
and its value is —13.0 (log v, — log v.) per minute of preincubation per 
molar concentration of OP in the preincubation mixture, at 0.2° in 0.1 m 
phosphate buffer, pH 7.5. 

This calculated value for k, allows prediction of the rate of inactivation 
of YADH preincubated with any concentration of OP under these condi- 
tions. When the degree of instantaneous inhibition due to the reaction 
in Equation 1 is also calculated, by use of the proper experimental values 
for Kop (1), it is then possible to predict the position of, as well as the 
slope of, the lines in Fig. 2 at any concentration of OP. Such predictions 
are in excellent accord with experimental data. 


DISCUSSION 


These and previous (1—4) studies indicate that YADH can interact with 
OP in at least two different, although dependent, manners. With the 
proper choice of conditions of exposure of enzyme to inhibitor, these 
interactions can be examined separately. The first interaction, in this 
case, is an instantaneous and reversible one (1), and the second interaction 
is time-dependent and irreversible. The latter type of inhibition has not 
previously been described as occurring in conjunction with the first, 
although many examples of inhibitions requiring enzyme-inhibitor pre- 
incubation are known. The time-courses of other metallodehydrogenase- 
chelator inhibitions (6, 7) indicate that time-dependent inhibition is not 
confined to YADH and OP. The general formulations of such reactions 
(Equations 1, 2, 3, 4) and the graphic evaluation of postulated mechanisms 
(Equation 11 and Fig. 3) should facilitate study of these and other time- 
dependent inhibitions. 

Application of these methods, together with the previous studies on 
the immediate inhibition (1), has led to the formulation of a mechanism 
of inhibition which is capable of predictive capacity and experimental 
verification. It is now possible to calculate the activity of YADH in 
contact with any concentration of OP under given experimental conditions, 
and the excellent correspondence between these values and the experimental 
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ones lends assurance in regard to the verisimilitude of the model for inhibj- 
tion. 

The initial formation of a completely dissociable enzyme-inhibitor 
complex, E-OP, appears to be the primary event in the time-dependent 
inhibition. This is reflected in the observed degree of initial inhibition 
(Fig. 1), which corresponds closely to the values predicted from Equation 1, 
This instantaneous inhibition and the nature of the E-OP complex, indi- 
cated in Equation 1, are discussed elsewhere (1). 1 molecule of OP 
interacts with an enzymatic site, zinc, without a detectable time factor. 

The kinetics of the time-dependent inhibition by OP is consistent with 
the interaction of a 2nd molecule of OP with the E-OP complex. This 
interaction is formulated as an addition (Equation 13), but the postulated 
E-OP: complex is considered only in an enzymatic sense. The chemical 
nature of this interaction is not deducible from its kinetics, and the physical 
existence and the structure of an H-OP2 complex must be demonstrated 
experimentally (such investigations will be evaluated elsewhere). The 
following remarks should be interpreted in this light. 

Whatever factors hinder the spontaneous rapid, or immediate, addition 
of more than 1 OP molecule to YADH, they are, according to the present 
model for inhibition, slowly altered with time to allow 1 more molecule 
of OP tocombine. The slow addition of OP to the H-OP complex produces 
the further time-dependent inactivation of the enzyme. This inactivation 
is explicable by the observation (Fig. 1) that the slow process is irreversible. 
It appears that an H-OP: complex is formed which represents an inert 
pool of bound enzyme. The transformation of some L-OP complex to the 
inert H-OP. form must result in an immediate reestablishment of the 
equilibrium between free enzyme and free OP in order to form more E-OP. 
The net result is the slow loss of free, reactive enzyme, and therefore loss 
of activity. 

The rate of the slow reaction is dependent, in this case, upon the con- 
centration of E-OP in the preincubation mixture. This, in turn, is a 


function of the concentration of OP and can be calculated (1). The rate ' 


of inactivation also depends upon the velocity constant, k, (Equation 13), 
which is —13.0(log v, — log v.) per minute of preincubation per molar 
concentration of OP, in 0.1 m phosphate buffer, pH 7.5, at 0.2°. 

The instantaneous reversible OP inhibition (Equation 1) is competitive 
with DPN or DPNH, but not with the substrate, and this has been the 


basis of a suggested mechanism for the enzymatic action of YADH (|) | 


compatible with those suggested by others, on the basis of different types 
of data (8). The postulated reaction mechanism implies that OP wil 
compete with coenzyme only in the instantaneous inhibition. This 8 
borne out by previous observations (3, 4) in which coenzyme competed 
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with OP only when enzyme, inhibitor, and coenzyme were mixed at the 
beginning of a preincubation. Coenzyme did not compete with OP, or 
affect inhibition, when added after OP inhibition had occurred upon 
preincubation. Calculations similar to those presented here demonstrate 
that the major portion of the inhibition in the previous experiments, after 
preincubation of YADH and OP for 1 hour at pH 7.5, was due to the forma- 
tion of E-OP2 complex. When corrections are made for this, OP can be 
demonstrated to compete with DPN for sites of enzymatic activity in the 
relatively small amount of H-OP that exists under those conditions. 

The present hypothesis is that both the irreversibility and the time- 
course of enzymatic inactivation under the stated preincubation conditions 
depend upon slow changes in the protein molecule of the E-OP complex. 
With the occurrence of these changes, the original active configuration of 
the molecule apparently is not restored by dilution of the enzyme-inhibitor 
complex, or by addition of DPN or of zinc ions to displace the OP mole- 
cules (2, 3). The nature of these alterations is under study, and the 
chemical reactivity of zinc in the [((YADH)Zn,] molecule is being used to 
pursue its elucidation in attempts to determine the configuration of the 
active site in this enzyme. 

The configuration of the active site of [((YADH)Zn,] is different from 
that in the aleohol dehydrogenase of horse liver [((LADH)Zn.] (9). The 
latter enzyme under identical experimental conditions demonstrates only 
the instantaneous reversible inhibition with OP, implying that the con- 
figuration of the sites of enzymatic activity, as well as the number of zinc 
atoms, may account for some of the differences in enzymatic behavior 
between these two enzymes. 


SUMMARY 


The kinetics of the time-dependent, irreversible inhibition of yeast 
alcohol dehydrogenase by a metal-binding agent, 1,10-phenanthroline 
(OP), have been investigated. Under the stated conditions, the rate of 
inactivation is first order initially, when enzyme and OP are preincubated. 
A reaction scheme and a mechanism of inhibition are presented which fit 
the data. The instantaneous formation of a dissociable enzyme-inhibitor 
complex which contains 1 molecule of OP per active site appears to be the 
primary event. The subsequent slow addition of a 2nd molecule of OP 
to each site of enzymatic activity, forming a second complex by a pro- 
cess that is irreversible in an enzymatic sense, seems to account for the 
time-dependent inhibition. This type of inhibition may occur in other 
enzyme systems as well. 


We are indebted to Dr. A. F. Bartholomay for helpful discussions. 








qa 


our Wh 


oos] 





74 ROLE OF ZINC IN ALCOHOL DEHYDROGENASES. _ III 


BIBLIOGRAPHY 


. Hoch, F. L., Williams, R. J. P., and Vallee, B. L., J. Biol. Chem., 232, 453 (1958), 
. Vallee, B. L., and Hoch, F. L., Proc. Nat. Acad. Sc., 41, 327 (1955). 

. Hoch, F. L., and Vallee, B. L., J. Biol. Chem., 221, 491 (1956). 

. Hoch, F. L., and Vallee, B. L., Federation Proc., 15, 93 (1956). 

. Hayes, J. E., Jr., and Velick, 8. F., J. Biol. Chem., 207, 225 (1954). 

. Vallee, B. L., Hoch, F. L., Adelstein, 8. J., and Wacker, W. E. C., J. Am. Chem, 


Soc., 78, 5879 (1956). 


. Adelstein, S. J., Thesis, Massachusetts Institute of Technology (1957). 
. Theorell, H., and Chance, B., Acta chem. Scand., 5, 1127 (1951). 
. Vallee, B. L., and Hoch, F. L., J. Biol. Chem., 225, 185 (1957). 








AC 


(Fro 


I 
wel 
sect 
acid 
thai 
furt 
kO 
pres 
the 
by | 
of t! 


T 
met 
pre\ 
repe 
eth: 
tual 


G 
usu: 
thar 
ther 
pur 


eren 
met 


Chem. 








A COMPARISON OF THE GLYCOGENS ISOLATED BY ACID AND 
ALKALINE PROCEDURES 
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(From the National Institute of Arthritis and Metabolic Diseases, National Institutes 
of Health, Public Health Service, United States Department of Health, 
Education, and Welfare, Bethesda, Maryland) 


(Received for publication, October 3, 1957) 


In a previous communication (1) dealing with the relation of molecular 
weight of glycogen to its metabolic activity, it was noted that glycogen 
secured from tissues by extraction with cold 5 per cent trichloroacetic 
acid (TCA method) consistently exhibited a far higher molecular weight 
than did glycogen prepared by alkaline digestion (KOH method). It was 
further found that, when TCA glycogen was treated with hot 30 per cent 
KOH, a marked decline in turbidimetric molecular weight ensued. In the 
present paper are recorded the results of experiments designed to study 
the nature and rate of glycogen degradation by potassium hydroxide and 
by trichloroacetic acid under various conditions and to clarify the effect 
of the method of isolation upon the nature of the product obtained. 


EXPERIMENTAL 


The methods of preparation of glycogen and the details of the turbidi- 
metric procedure for weight average molecular weight had been described 
previously (1). Glycogen (TCA method) from liver can be purified by 
repeated (up to eight) reprecipitations from dilute aqueous solution with 
ethanol. Glycogen, thus purified, and never exposed to alkali, is vir- 
tually free of detectable contaminants. 


(CgHwOs)n- Caleulated. C 44.5, H 6.2 
Found. “© 44.5, “ 6.3 
Ash 0.0, N less than 0.02, P less than 0.05 
Molecular weight by light scattering 80.8 X 10° 


Glycogen (TCA method) from muscle, treated in the same way, is 
usually contaminated by up to 0.5 per cent ash, 0.5 per cent N, and less 
than 0.1 per cent P. Precipitation with ethanol from aqueous alkali and 
then repeatedly from water is required to make this product analytically 
pure. 

Digestion of tissues in hot 30 per cent aqueous KOH is used in pref- 
erence to the more usual NaOH (2) for the preparation of glycogen (KOH 
method). This avoids the formation of solid sodium soaps and of NasCO; 


475 








476 COMPARISON OF GLYCOGENS ISOLATED 


which is sparingly soluble in ethanol. Subsequent purification of glycogen 
is thereby simplified. Digestion is complete after about 1 hour at 100° 
with liver and about 3 hours with muscle. Crude glycogen is precipitated 
by adding ethanol to a final concentration of about 60 per cent (v/v), 
After exhaustive washing with 60 per cent ethanol, the precipitate is dis- 
solved in cold 5 per cent aqueous trichloroacetic acid and clarified by 
centrifugation and filtration. Glycogen is immediately precipitated from 
the filtrate with ethanol and repeatedly reprecipitated from water. Pu- 
rification of glycogen prepared by either method is continued until no 
flocculation occurs when ethanol is added to an aqueous solution. Pre- 
cipitation is then induced by the addition of a salt, such as LiBr, which is 
soluble in ethanol. 

An analytically pure sample of muscle glycogen, prepared by this pro- 
cedure, having a turbidimetric molecular weight of 3.1 x 10° and the 
above described sample of liver glycogen (TCA method) have been studied 
in the Spinco analytical ultracentrifuge by Dr. William R. Carroll of this 
Institute. Although the spreading of the boundary of the muscle glycogen 
(KOH method) was considered in excess of that expected from diffusion 
alone, the boundary was sufficiently symmetrical to conclude that the 
sedimentation constant, s9,. = 46.4 X 10-", represented a reasonable 
average of the particles present (Fig. 1, top). In the case of the liver 
zlycogen (TCA method), an estimated 50 per cent of the solute of very 
high sedimentation constant progressively pulled away from the main peak, 
‘eaving a family of the slowest components in a measurable boundary 
with so. = 156 X 10-" (Fig. 1, bottom). Thus the ultracentrifugal 
analysis shows that most of the particles of the TCA-prepared glycogen 
have much higher sedimentation constants than those of the KOH-pre- 
pared material and that there is much more heterogeneity. Although it is 
possible to reconstruct a pattern of distribution of the molecular sizes 
from sedimentation and diffusion data (3, 4), the sedimentation constant 
alone is of limited value in a situation of this type. The method of light 
scattering has the advantage, in the present study, of performing the 
averaging operation and giving at once the weight average molecular 
weight. Since we have previously established that the relative values 
secured by this method are reliable for polysaccharides of the glycogen 
class (1), and since all our interpretations are based upon such relative 
quantities, the turbidimetric method was well suited to the present study. 

Care must be taken in preparing solutions of glycogen (TCA) before 
studying the properties of such solutions. This includes wetting the sam- 
ple with a small amount of water with prolonged stirring and often with 
warming. The turbidity of the resulting solution remains unchanged for 
days. Glycogen can be recovered from the solution by ethanol precip- 
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jtation and, when properly redissolved, gives the same degree of turbidity. 
All molecular weights reported in this paper were determined on isolated, 
purified samples carefully redissolved in this way. Regardless of whether 
sedimentation or light scattering measurements are employed, glycogen 
free of detectable impurities and of far larger molecular weight than gen- 
erally found (5) can be obtained by the TCA method. 

Degradation of Glycogen by Trichloroacetic Acid—When samples of gly- 

















Fig. 1. Schlieren diagrams (phase plate diaphragm) of glycogen boundaries in 
synthetic boundary cell. 1 per cent glycogen in water at 20.0°; sedimentation from 
right to left. The diagrams shown were taken at 5 and 17 minutes after reaching 
operating speed of 9833 r.p.m. (7030 X g, average), diaphragm angles 50° and 30°, 
respectively. Top, muscle glycogen (KOH method): bottom, liver glyeogen (TCA 
method). Left, 5 minutes; right, 17 minutes. 


cogen (TCA method) were reexposed to 5 per cent trichloroacetic acid, 
a decline in weight average molecular weight ensued (Table I). This 
decline was quite rapid during the first few hours, but its rate decreased 
markedly in the later intervals. This is what would be expected if a 
constant number of glucosidic bonds were being hydrolyzed per unit time. 
Extrapolation to zero time suggests that the size of the “native” glycogen 
molecule prior to extraction from the tissue with TCA was probably far 
larger than the values here reported. Even at 0° an approximate halving 
of the molecular weight of TCA liver glycogen was observed in the first 
5 hours. 

The possibility that extraction of tissues with TCA resulted in an arti- 
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ficial exaltation of molecular weight was explored by the treatment of g 
sample of KOH glycogen (mol. wt. = 3.2 X 10°) with 5 per cent TCA 
(pH = 1.3) for 2 hours at 0°. The reisolated glycogen had a molecular 
weight of 3.1 X 10°. 

Degradation of Glycogen by Aqueous Alkali—Molecular weight deter- 
minations of glycogen samples isolated by hot alkaline digestion of tissues 
have usually yielded values ranging from 1 X 10° to 8 X 10° in our hands 
and in those of many other workers (1, 5). Because these values were far 
lower than those frequently found for glycogen (TCA), we have explored 
the effect of alkali treatment upon the molecular weight of the polysae- 
charide. 

Treatment of glycogen (TCA) with hot 5 Nn KOH resulted in an initial 
decline in molecular weight. On prolonged heating, however, an abun- 
dance of a product difficultly separable from glycogen by repeated re- 


TABLE I 
Effect of Solution in 5 Per Cent Trichloroacetic Acid on Molecular Weight of Glycogen 





bees", mae At 0° At 23 
hrs. mol. wt. X 10~* mol. wl. X 10 

0 70.6 70.6 

2 43.9 14.5 

5 35.6 8.7 

24 31.8 8.2 


precipitations from water by ethanol, and presumed to arise from the 
action of alkali upon glass, interfered with the experiment. Thus, after 6 
hours of heating, the turbidity increased, and the apparent recovery of 
“glycogen” exceeded expected values. The contaminant was revealed also 
in the high ash content of recovered glycogen. It has been observed by 
others that it is essentially impossible to clean NaOH solutions sufficiently 
to use them for simultaneous light scattering and titration experiments. 
This has been attributed to the removal and suspension of small particles 
of silica from glass vessels by basic solutions (6). Purification of glycogen 
by removal of impurities which are precipitated from weakly acid solutions 
by the addition of half a volume of ethanol (7, 2) could not be employed 
in this type of experiment, as this method involves appreciable loss and 
inevitable fractionation of glycogen. Even when more dilute alkali (0.1 5) 
was employed, the same inorganic contaminant interfered with the eval- 
uation of results. 

Clarification of Glycogen Solutions by Centrifugation—The appearance of 
inorganic contaminants which scattered light suggested reinvestigation of 
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the possibility of clarification of glycogen solutions by centrifugation. 
Earlier experience, involving appreciable losses of glycogen from solution 
upon centrifugation at moderate speeds, had led us to eliminate such a 
step from preparative procedures. Samples of TCA and KOH glycogen, 
both derived from liver, were compared by centrifugation at 4500 x g at 
0° (Table II). At hourly intervals samples of supernatant solution were re- 
moved and analyzed for glycogen (8). From the solution of TCA gly- 


TaBLeE II 
Loss of Glycogen from Aqueous Solution on Centrifugation at 4500 X g 

















Tine of centrifuging cam | Stier 
hrs. 7 | ¥ per ml. Y oa. = 
0 366 376 
1 211 336 
2 192 332 
3 171 344 
TaBLeE III 


Loss of Glycogen Incident to Centrifugation of Solutions 
Used for Molecular Weight Determinations 
Glycogen determinations by the anthrone method were made on the same dilute 
glycogen solutions that were used for the light scattering measurements both before 
and after centrifugation of the solutions at 4000 X g for 1 hour. 


Mol. wt. X 10-6 y glycogen per ml. 
See : : — ~— = 

™ Before centrifugation After centrifugation | Before centriguation After centrifugation 

1 125 | 100 | 72.0 61.8 

2 63 43 61.6 45.7 

3 21 10 74.6 73.0 

4 5.2 4.2 67.7 66.8 
cogen (mol. wt. = 80.8 X 10°) progressive loss of solute occurred, whereas 
from the solution of KOH glycogen (mol. wt. = 7.0 X 10°) such losses 


were small. These findings parallel the results obtained with the analyti- 
cal ultracentrifuge (Fig. 1). 

As would be anticipated, when glycogen is lost from solution by centri- 
fugation, it is the largest molecules which are preferentially sedimented. 
This will be seen in the experiments recorded in Table III. Glycogen 
determinations were made by the anthrone method (9). Two solutions, 1 
and 2, containing higher molecular weight TCA glycogen samples, upon 
centrifugation at 4000 x g for 1 hour, lost 14 and 26 per cent of solute, 
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respectively. The weight average molecular weights of the glycogen re. 
maining in solution declined 20 and 32 per cent, respectively, as a conse. 
quence of selective sedimentation of the heavier particles. Samples 3 and 
4, prepared after KOH treatment, lost very little glycogen on centrifuga. 


tion but were effectively separated from some light scattering inorganic | 


impurities. In either case some error is involved. If samples are centti- 
fuged, there is some loss of glycogen, preferentially of large size. If centri. 
fuging is omitted, false high values are obtained on samples prepared after 
alkali treatment, owing to inorganic impurities. 

From these experiments it is concluded that no great errors due to logs 
of glycogen will be introduced by centrifugation at these speeds to clarify 
solutions of KOH glycogen of lower molecular weight. Such procedures 


TABLE IV 
Degradation of Glycogen at 100° in 1 n KOH Solution in Presence of O2 or Nz 











Time heated | Under Nz Under O2 
mia. | mol. wi.X 10% mol. wt. X18 
0 7.7 73 
15 | 5.3 
30 | 4.1 
60 7.6 2.3 
120 | 6.7 0.97 
240 5.8 0.39 





are not to be tolerated when TCA glycogen of high molecular weight is | 


being handled. 


Effect of Oxygen upon Alkaline Degradation of Glycogen—The fact that 
the presence of oxygen greatly accelerates the attack of alkali upon starch | 
A similar effect is demonstrable | 


(10) has been reexplored recently (11). 


in the case of glycogen (Table IV). In this experiment a 0.5 per cent 


solution of KOH glycogen in 1 Nn KOH was divided between two flasks, ; 


one swept with tank O2 and the other with tank No». 
heated at 100° under reflux. 


Both flasks were 
Aliquots were removed for glycogen isolation. 


On the basis of the experiments described above, dilute solutions of glyco- | 
gen, clarified by centrifugation at 4000 X g for 1 hour, were used for light 


scattering measurements. 


The rapid and continuous degradation of glycogen in hot KOH | 


under Oz is reflected in a fall in weight average molecular weight to about 
one-twentieth of its original value in 4 hours. By way of contrast, in the 
control experiment under Ne, the decline in molecular weight in the same 
time interval was only about 25 per cent. The continuous nature of the 
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degradation of glycogen under O: in alkali argues against the existence of an 
alkali-stable limit dextrin of glycogen under these circumstances. 

Several unsuccessful attempts were made to isolate glycogen from rat 
livers in such a way as to avoid degradation due to alkali in the presence 
of oxygen. The liver of a rat was divided into three portions, and gly- 
cogen was isolated by the TCA method and after KOH digestion in the 
presence of tank OQ. or Ns. The rigorous exclusion of O2 was not achieved. 
The samples of glycogen isolated and purified had the following molecular 
weights: TCA glycogen, 54 X 10®; glycogen from KOH-N:; isolation, 16 X 
10°; from KOH-O, isolation, 15 X 10°. 

Degradation of Glycogen by Alkali in Stainless Steel Vessels—It was found 
that the accumulation of inorganic light scattering material could be elim- 
inated by carrying out alkaline digestions in stainless steel vessels. Sam- 


TABLE V 
Degradation of Glycogen by Treatment with KOH at 100° in Stainless Steel Vessels 


Polysaccharide was isolated and purified after exposure to 1 N and 10 N KOH for 
varying periods of time in air. 











Days 1 n KOH | 10 Nn KOH 
| mol. wt. * 1076 mol. wt. X 10-6 
0 | 120 120 
1 1.7 
2 | 0.53 
7 | 2.8 
14 0.16 








' ples of liver glycogen (TCA method) were heated in air at 100° under a 
reflux condenser in a solution of freshly prepared 1 nN or 10 Nn KOH in 
stainless steel test tubes. Aliquots were removed at various time intervals, 
and isolations and purifications were carried out by repeated precipitations 
from water with ethanol. The molecular weights of the resulting products 
are given in Table V. 

Additional evidence of extensive degradation of glycogen aerobically by 
hot alkali was the finding of a decrease in the quantity of anthrone-reacting 
material, about 50 per cent in 1 Nn KOH and about 15 per cent in 10 N 
KOH after 1 week of heating. Whereas the starting glycogen was com- 
pletely non-dialyzable through Visking membranes, the products of pro- 
longed heating with alkali contained appreciable amounts of dialyzable, 
anthrone-reacting material. The original glycogen was essentially free of 
ash, but the products of alkali treatment in stainless steel vessels, after ex- 
haustive dialysis against distilled water and repeated ethanol precipitation, 
invariably yielded ash on combustion amounting to as much as 6 per cent. 
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This finding was interpreted to mean that such treatment of glycogen with 
alkali gave rise to acidic products. 

Whistler and BeMiller (12) have proposed a mechanism for the attack 
of alkali upon branched polysaccharides in the absence of Oz. Serial at- 
tack, commencing at the reducing end of the molecule, would give rise to 
large and small saccharide fragments, each containing a terminal saccha- 
rinic acid residue. In the presence of air undoubtedly many additional 
degradative processes are occurring, yielding what has been termed “ein 
furchtbares Gemisch” (13). Glycogen is no exception to this general prin. 
ciple. The finding that the degradation of glycogen proceeds more slowly 
in concentrated than in dilute alkali is perhaps related to the lower solu- 
bility of oxygen in concentrated caustic solution (14). Fortunately in the 
commonly employed alkaline extraction methods very concentrated al- 
kali is used in which little polysaccharide is lost. 

Attempt to Stabilize Glycogen by Elimination of Reducing Group—To ex- 
plore the possibility that the alkaline degradation of glycogen depended 
exclusively upon the presence, in the molecule, of a free hemiacetal or 
aldehydic group, attempts were made to eliminate this reactive center, 





Sodium borohydride has been found to reduce various carbohydrates to 


corresponding polyols (15) in aqueous solution. 100 mg. of TCA glycogen 
from rabbit liver (mol. wt. = 120 X 10°) were treated at room tempera- 


ture with 20 mg. of sodium borohydride in 10 ml. of water for 2 days. 


91 mg. of twice reprecipitated polysaccharide were recovered and found to | 


have a molecular weight of 72 X 10°. Thus, even under the mildly alka- | 


line conditions of this reaction (pH = 9.3) appreciable degradation of poly- 
saccharide occurred. The same initial glycogen, dissolved comparably in 
distilled water (pH 5.6), was recovered after 48 hours in solution at room 
temperature and found to have a molecular weight of 112 « 10°. 


Another process for elimination of the aldehyde group that was explored | 
was condensation with KCN (16). 100 mg. of the same TCA rabbit liver | 


glycogen were dissolved in 10 ml. of 0.1 N KCN solution and kept in the 
refrigerator for 6 days. Under similar conditions nearly quantitative con- 
densation of cyanide to the aldehydic terminus of polysaccharides has been 
reported (17). The glycogen, after reisolation and purification, had a mo- 
lecular weight of 107 X 10°. 

Samples of initial glycogen, borohydride-treated glycogen, and cyanide- 
treated glycogen were compared with respect to their stability toward 
alkali. These experiments were carried out at 100° in 1 nN KOH solution 
with a slow stream of oxygen passing through each solution. From the 
results in Table VI it will be seen that no significant degree of resistance 
to alkali has been achieved by pretreatment with either borohydride ot 
cyanide. Assuming that elimination of the aldehyde group had been 
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achieved, these results point to the occurrence of degradative reactions in 
alkali and oxygen other than those requiring the presence of a reducing end 
to the polysaccharide. 

Significance of Alkali Lability of Glycogen—The decline in molecular 
weight observed during prolonged treatment of glycogen with alkali is not 
necessarily entirely due to splitting of glucosidic bonds, although there is 
ample evidence that various types of glycosidic linkages are alkali-labile 
(18). A secondary structure of glycogen, superimposed on its polyglu- 
coside structure, is possible. Such secondary linkages, were they alkali- 
labile, might well have escaped detection in glycogen isolated from alkaline 
solution. 


TaBLeE VI 

Attempts to Stabilize Glycogen against Degradation by Hot Alkali 
Portions of a rabbit liver glycogen sample (TCA method) of molecular weight 
120 X 10° were treated with NaBH, or KCN, as described in the text. The recov- 
ered polysaccharides were then treated with 1 N KOH at 100° under O2, and the 
molecular weights of reisolated polysaccharides were determined. 








Pretreatment 
Time of heating . —— 
None NaBHa KCN 
ae min. mol. wt. X 10-6 mol. wt. K 10-6 mol. wt. X 10-6 
0 120 | 72 107 
16 27 31 19 
60 | 12 13 | 10 


120 | 5 4 | 4 


It is probable that glycogen, isolated even by the mildest methods now 
known, is considerably altered with reference to the ‘‘native’’ polysaccha- 
ride. The properties of glycogen within the intact cells of liver or muscle 
remain essentially unknown. 

Residual Glycogen—By ‘‘residual glycogen”’ is meant that polysaccharide 
which remains in tissues after exhaustive extraction with mild reagents 
such as boiling water or cold trichloroacetic acid. The easily extractable 
glycogen has been termed ‘free’ or “lyoglycogen,’’ whereas the residual 
glycogen has been termed ‘‘fixed” or ‘“desmoglycogen” by various writers 
and has been supposed to be protein-bound (10, 19). The controversy 
dating back to the last centrury (20) as to the reality of this separation of 
tissue glycogen into two classes has been reviewed by Meyer (10) and by 
Van Heijningen and Kemp (21). Russell and Bloom (22) have studied 
this question and have concluded that in the tissues of the normal animal 
the easily extractable glycogen represents a constant fraction of the total. 
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Under conditions of glycogen depletion they have found that it is the 
easily extractable material which is preferentially lost. They have cop- 
cluded “‘that the trichloroacetic acid-extractable glycogen is the more mo- 
bile portion, physiologically, in liver, gastrocnemius muscle, diaphragm 
and heart.” 

There are two important sources of possible error in estimates of the 
abundance of residual glycogen. The first of these relates to the com- 
pleteness of the extraction with trichloroacetic acid. Whereas a single 
extraction has been reported to remove all extractable glycogen from tis. 
sues (23), we have found, in agreement with others (9), that numerous 
repeated extractions are required if complete extraction is to be approached, 
The extraction procedure employed has involved mechanical mincing (Om- 
nimixer) in the case of muscle and grinding with sharp sand in the case of 
liver. Even after five such treatments, glycogen could still be isolated 
from the TCA extracts. Clearly the amount of glycogen remaining in the 
tissue will depend upon the care taken in the extraction procedure. After 
a number of successive extractions with cold TCA, the residual tissue was 
digested by heating in 5 n KOH, and the “residual glycogen” was isolated, . 
It was more difficult to purify this polysaccharide after KOH digestion 
than total tissue glycogen. Purification included removal of considerable 
extraneous material by centrifugation and filtration both from alkaline and 
acidic solution, solution and reprecipitation from 5 per cent trichloroacetic 
acid, and repeated solution and reprecipitation from aqueous solution with 
ethanol. A typical analysis on a sample of “residual glycogen” so iso- 
lated and purified was as follows (in per cent): C 43.78, H 6.09, ash 1.03, N 
and P, less than could be determined. t 

A second possible source of error relates to the method employed for 
the quantitative estimation of glycogen. The occurrence in alkaline digests 
of tissues of materials other than glycogen which are ethanol-precipitable 
and give reactions with anthrone has been indicated by a recent report of 
Carroll, Longley, and Roe (9). In the present study glycogen has always 
been isolated and purified, and its identity has been established in many ! 
cases by elementary analyses. 

The quantitative distribution of glycogen in successive TCA extracts of | 
tissues and in the KOH digest of the extracted residue is shown for several | 
fasted and fed animals in Table VII. Whereas serial extractions with TCA | 
gave a series of yields which appeared to be quenching (e.g. Experiment | 
3), the quantity of residual glycogen exceeded that anticipated from the | 
preceding series of yields. 

Since, in these experiments, glucose-C'* was injected into the rats at 
various times prior to death, it was possible to compare the metabolic | 
activities of the several glycogen samples secured from each tissue. The 
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most consistent and striking finding was that in every case (Table VII) 
the residual glycogen was somewhat more radioactive than the glycogen 


TaBLe VII 
Comparison of Glycogen Samples Isolated from Rat Liver and Muscle 
by Successive Extraction Procedures 





' | 
Time be- Liver glycogen Muscle glycogen 
itween feeding | 




















| and glucose- whee. . ft . ies eee. en 
- <a ken Quantity etvity Isolation method | VN eee ity 
hrs. mg. — mg. a, 
| atom C | | atom C 
1* 0 TCAextracts | 862 | 34| TCAextracts | 229 | 1068 
| | 34] | 
1-3 | 14 } | 
KOH digest of 15 | 110 | TCAextracts | 74 | 1188 
residue | | 5-6 
| | KOH digest of | 38 | 1570 
| | | residue 
2t 4 TCA extracts 367 | 945 | TCA extracts 174 | 314 
| 1-2 | 1-2 | 
| TCA extracts 35 | 818 | TCA extracts 22 | 591 
| 34 | 34 | 
| KOH digest of 20 | 1136 | KOH digest of | 50| 682 
| residue residue 
3t 4 | TCA extract 1 440 | 36 | TCA extract 1 | 100 3 
- oy 2 58 | 35) ‘ 2| 25 | 4 
| « « 3! 13 | 3| «© “« 3] | 4 
ie - 4 8 37 “ ” 4| 4] 6 
. wo 3 34 | 
KOH digest of 29 | 50 | KOH digest of | 41 | 8 
residue residue | 
4* 15 | TCA extracts | 57 | 216 | TCAextracts | 216 | 642 
1-3 1-3 | 
KOH digest of | 11 | 260 | KOH digest of | 29 | 1373 
residue residue 
| | 
5* 21 TCA extracts | 3.2) 3240 | TCAextracts | 125 | 356 
ee... | | 1-3 
| KOH digest of | Trace KOH digest of 7 | 700 
| residue residue 





* 50 uc. of glucose-C™ given intraperitoneally 3 hours before killing the rat. 
t 50 ue. of glucose-C™ given intravenously } hour before killing rat. 
t 50 ue. of glucose-C™ given intravenously 20 minutes before killing the rat. 


extracted with TCA. In addition, in muscle, but not in liver, it appears 
that successive extractions with TCA remove successively more radioactive 
glycogen. This latter finding may be attributable to the fact that in mus- 
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cle, but not in liver, it is the larger, hence the less readily extractable, 
glycogen molecules that are more heavily labeled (1). 

The present findings leave open the possibility that, at the moment of 
tissue death, a portion of tissue glycogen may be protein-bound and hence 
not readily extractable from tissue with reagents such as TCA. Clearly, 
however, this difficultly extractable glycogen contains the metabolically 
most reactive molecules. This combination of events leads necessarily to 
the suggestion that, if it is indeed protein-bound, residual glycogen is in 
part bound to those protein enzymes involved in glycogen synthesis, phos- 
phorylase and branching enzyme. Whereas nothing appears to have keen 
published in regard to the affinity of glycogen for branching or debranching 
enzymes, in the case of phosphorylase information is available. A value 
for K,, of glycogen-muscle phosphorylase of 21 mg. per 100 ml. has been 
reported (24), and we have found values of this order of magnitude in a 
study to be reported. With liver phosphorylase, Sutherland and Wosilait 
(25) report that glycogen accompanies the enzyme during the early stages 
of purification, and that the enzyme, freed of glycogen, promptly reassoci- 
ates with glycogen and sediments with it. 

Protein binding is not the sole possible explanation for the occurrence of 
residual glycogen. Incomplete fragmentation of cells during extraction 
procedures, differences in extractability of glycogen variously located within 
the cell, and the remarkable polydispersity of glycogen may all contribute 
to the occurrence of a portion of glycogen in tissues not readily extractable. 


There are not one or two kinds of glycogen but an almost infinite number | 
of kinds of molecules exhibiting continuous variation in regard to physi- | 


cal properties such as solubility and molecular size as well as metabolic ae- 
tivity. The present finding of high metabolic activity associated with the 
residual fraction of glycogen in each case merely shows that whatever it is 
that impedes the extraction of this fraction may also be involved in the 
process of glycogenesis. Binding to phosphorylase could fulfil both of 
these requirements. 

It is erroneous to conclude that, because a component is not lost on 
starvation, it is necessarily metabolically inert. In the present instance it 
is the “residual glycogen” which persists in starvation yet is metabolically 


most active. Analogously, the fatty acids of the liver, a part of the élément | 
constant, are turned over far more rapidly than are those of the depot fat, 


a part of the élément variable. 


The authors are indebted to Dr. William R. Carroll for his helpful advice. 


SUMMARY 


The effects upon glycogen of the reagents commonly employed in its 
isolation have been studied. When glycogen is prepared by rapid extrac- 
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tion of tissues with cold trichloroacetic acid, a product of far higher molec- 
ular weight may be secured than when preliminary digestion with alkali is 
resorted to. The molecular weight of glycogen was found to decline rap- 
idly in 5 per cent aqueous trichloroacetic acid at room temperature, and 
more slowly at 0°. 

The molecular weight continuously declines when glycogen is dissolved 
in hot aqueous KOH solution. This decline is more rapid in 1 n than in 
10 n alkali and proceeds faster under O2 than under Ne. Attempts to 
render the polysaccharide alkali-stable by elimination of aldehydic termini 
with cyanide or borohydride were unsuccessful. 

When solutions of glycogen were centrifuged at 4000 X g for 1 hour, 
significant sedimentation, preferentially of the largest molecules, was ob- 
served with samples of molecular weights in excess of 50 X 10°. With 
samples of molecular weights below 10 X 10°, losses under these circum- 
stances were negligible. 

The glycogen which remains in tissues after exhaustive extraction with 
trichloroacetic acid, ‘‘residual glycogen,” has been found, in isotope studies 
in vivo, to be more active metabolically than the readily extractable material. 
It is proposed that residual glycogen may include polysaccharide bound, 
at the moment of tissue death, to phosphorylase. 


ae 
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INFLUENCE OF MOLECULAR SIZE OF GLYCOGEN ON THE 
PHOSPHORYLASE REACTION 


By MARJORIE R. STETTEN ano DeWITT STETTEN, Jr. 
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Earlier experiments in vivo have revealed that after glucose-C'* adminis- 
tration to animals in acute experiments, glycogen, whether from liver or 
muscle, was non-uniformly labeled. Within individual molecules various 
tiers of glucose residues were unequally labeled (1,2). Glycogen molecules 
of differing size in a given polydisperse population were also noted to 
incorporate label to different degrees (3). In muscle, higher concentra- 
tions of isotope were found in the largest molecules, whereas in liver it 
was the fraction of glycogen containing the smallest molecules that was 
most heavily labeled. 

In an attempt to elucidate the basis for this metabolic inhomogeneity 
with respect to size, glycogen samples have been prepared from liver and 
muscle. These have been compared in regard to certain chemical prop- 
erties and to their reactivities with muscle and liver phosphorylase in vitro. 


Methods 


Glycogen samples were isolated from cold trichloroacetic acid extracts 
of tissues (TCA glycogen) and by hot aqueous KOH digestion (KOH 
glycogen) (4). Fractionation of TCA glycogen was accomplished by the 
method of differential centrifugation. It was found that KOH glycogen, 
which was of smaller average molecular size, could only be conveniently 
fractionated by the method of differential precipitation with ethanol (3). 
Estimation of molecular weights by light scattering methods and analysis 
of samples for radioactivity were carried out as previously described (3). 

Structural Studies of Glycogen—The periodate oxidation method for 
end group determination (5, 6) was modified for use with samples of 5 or 
10 mg. of glycogen. Glycogen samples, dissolved in 0.2 ml. of 3 per cent 
NaCl, were allowed to react with 0.2 ml. of 0.3 n NaIO, at 0° in the dark. 
Excess periodate was destroyed by the addition of 2 drops of ethylene 
glycol. The reaction mixture was diluted with a little CO.-free water, 
and the formic acid produced was measured by titration with 0.01 Nn 
Ba(OH), by using a Scholander microburette (7). During the titration the 
solution was agitated by a stream of CO+-free N2, and a mixture of methyl 
ted and methylene blue was used as indicator. 
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A sharp end point to the liberation of formic acid was not observed, 
and a 7 day period for reaction with periodate was selected as satisfactory, 
The average number of glucose units in glycogen per terminal glucose 
residue was calculated. 

The fraction of glucosyl residues in the outer tier of glycogen samples 
was estimated by measurement of the quantity of maltose split off by the 
exhaustive action of the enzyme 8-amylase. Analyses were carried out on 
a microscale by the methods previously used (1). 

Kinetic Studies—Rabbit muscle phosphorylase was prepared essentially 
by the method of Green and Cori (8), incorporating the addition of man- 
ganese acetate and adenosine triphosphate to the crude extract to improve 
the yield of crystalline phosphorylase a as suggested by Fischer and Krebs 
(9). The product was recrystallized eight times, until free of glucosidase 
activity (10). 

Kinetic studies and estimation of Michaelis constant for glycogen by 
using muscle phosphorylase were carried out essentially as described by 
Cori et al. (11). 

The partially purified dog liver phosphorylase preparation used was 
obtained from Dr. Earl Sutherland and represented Step 5 in his published 
preparation (12). 

Synthetic Studies with Radioactive Glucose 1-Phosphate—Starch-C" was 
prepared from BaC'O,; by the photosynthetic action of bean leaves and 
was isolated and purified (13). Glucose-C™ 1-phosphate was prepared 
from the starch-C™ by the method of McCready and Hassid (14). Three 
different preparations of dipotassium glucose-C'* 1-phosphate having 
specific activities of 3080 or 9620 or 26,300 c.p.m. per milliatom of C were 
used in the various enzymatic studies. 

A typical example is given to illustrate the methods used in the prepara- 
tion of the synthetic radioactive glycogen samples. Enzymatic reactions 
were run in pairs by using corresponding liver glycogen and muscle glyco- 
gen preparations and keeping all other materials and conditions constant 
for each pair. 100 mg. of rabbit liver glycogen, prepared by the TCA 
method, and having a molecular weight of 80.8 X 10°, were dissolved in 
2 ml. of H.O in a centrifuge tube. A similar solution was prepared with 
100 mg. of muscle glycogen, TCA method, molecular weight 10.3 X 
10°, isolated from the same rabbit. To each glycogen solution were added 
20 mg. of the dipotassium salt of glucose-C™ 1-phosphate, 26,300 c.p.m. 
per milliatom of C, dissolved in 2 ml. of HO. The solutions were brought 
to 30° in a water bath, and at time zero 4 ml. of a solution of a 1:50 dilv- 
tion of a concentrated crystalline rabbit muscle phosphorylase suspension 
(8) in B-glycerophosphate-Versene buffer of pH 6.8 were added to each to 
start the reaction. At the end of exactly 1 minute the enzymatic reaction 
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was stopped, and glycogen was precipitated by the addition, with stirring, 
of 13 ml. of ethanol. After 15 minutes at room temperature, the glycogen 
was centrifuged and washed twice with small volumes of 66 per cent 
ethanol. The combined supernatant solutions were analyzed for free 
phosphate and total acid-labile phosphate (15) in order to estimate the 
extent to which the reaction had proceeded. The liver glycogen had 
reached 19 per cent and the muscle glycogen 30 per cent of equilibrium in 
| minute. 

The washed glycogen precipitates were dissolved in water and passed 
through a column of Amberlite IR-400, in the formate form, in order to 
remove any trace of radioactive glucose 1-phosphate which might have 
been precipitated along with the glycogen. The recovered glycogen sam- 
ples were purified by reprecipitation twice from water with ethanol. About 
95 mg. of each were recovered, and all samples were found to be free of 
detectable phosphate. Part of each sample was used for determination of 
radioactivity and molecular weight, and the remainder of each was sepa- 
rated by high speed centrifugation into three fractions of progressively 
smaller average molecular weight. The specific activity of each fraction 
was determined. 

Many similar experiments were carried out with the same and other 
glycogen samples in which the time, concentration of solutions, or nature 
of the enzyme was varied. 


Results 


Relation of Molecular Weight to Metabolic Activity in Vivo—It was con- 
sistently found in earlier studies that, at the time intervals selected, a 
positive rank order correlation existed in muscle between molecular weight 
and radioactivity, whereas in liver the corresponding correlation was 
negative (3). Because the shortest time interval between intraperitoneal 
injection of glucose-C* and sacrifice of the animal in this earlier study was 
3 hours, and because of the possibility that the finding did not represent 
the initial events, a further study of this type was conducted. Glucose-C™ 
was injected intravenously into a rat which was killed 4 hour thereafter. 
Glycogen isolated from liver and from skeletal muscle by the TCA method 
was purified, and each sample was fractionated by differential centrifuga- 
tion into four portions of graded molecular weights. Here again (Table 
I), as in the studies reported earlier, in liver glycogen the smallest molecules 
are the most radioactive, whereas in muscle glycogen the reverse is true, 
and the highest C' concentration is found in the molecules of highest 
molecular weight. Similar results were obtained with a rat killed 20 min- 
utes after the injection of glucose-C". 


In another experiment, a previously fasted rabbit was killed 5 hours 
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after intraperitoneal injection of glucose-C'*. Glycogen was isolated from 
corresponding portions of liver and of muscle by both the KOH and TCA 
procedures. Each glycogen sample was purified and fractionated from 
aqueous ethanol as described previously, and the distribution of C" jn 
these fractions was determined (Table II). The sequence of specific 
activities of successive fractions is the same, whether the TCA or KOH 
method of isolation is employed, this despite the fact that extensive de- 
cline in molecular weight has occurred during treatment with alkali. It 
would appear that, regardless of the isolation method employed, the larger 


molecules of the population obtained are derived from the larger molecules | 


TaBLeE I 
Molecular Weights and Radioactivity of Glycogen Fractions 
A 362 gm. rat, fasted for 4 hours, received 50 we. of glucose-C™ (1.08 ue. per mg.) 
intravenously and 500 mg. of non-isotopic glucose intraperitoneally. The rat was 
killed after } hour. Liver and muscle glycogen were isolated and fractionated by 
centrifugation. 











Sample Quantity | Dissymmetry (z) | Mol. wt. X 10-6 Specific activity 
} ome | | | “*ooee 
Liver glycogen..........| 98 | 2.07 57.2 | 1009 
Fraction 1.............) 38 | 245 | 102.0 | 821 
a Saree 41 1.45 23.2 980 
a ease 8 1.40 | 10.6 1052 
jek Sey 6 1.50 | 5.9 1147 
Muscle glycogen........| 95 | 1.50 12.3 317 
Preseem 1... 2.2.20... 8 1.60 19.5 360 
agen. “RRR 340 | 1.29 11.1 | 360 
a. eee 25 1.30 | 8.6 305 
a CY 11 | 1.80 | 6.3 260 














of native glycogen, while the smaller molecules obtained stem from the 
smaller native glycogen molecules. The difference observed in the specific 
activities of the total muscle glycogen samples prepared by the two methods 


is attributed to the undoubted loss of glycogen which occurs in the course | 
of purification of glycogen after digestion of tissues in alkali (16, 17). | 


These losses would appear to include, preferentially, molecules of greater 
molecular size. 

Structural Studies on Glycogen Fractions—From glycogen samples frac- 
tions were prepared which contained the heaviest and the lightest mole- 
cules of the polydisperse population, and each fraction was studied by the 
methods of 6-amylase digestion and periodate oxidation. Because of the 
limited amounts of material available in the fractions of glycogen, a very 
micromodification of the periodate oxidation method was used, and this 
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entailed some loss of reproducibility. Results of two such studies are 
presented in Table III, from which it will be seen that, within a given 
sample, no significant structural differences between fractions are revealed 




















TABLE II 
Comparison of Fractionations of Glycogens Isolated by KOH and TCA Methods 
TCA method | KOH method 
heen oe 
| , | 
Sample | yt Specific | Sample | Ft = 
ae a cecgncamtaeniagin —_ om a | 
le p.m. per m. | | c.p.m. per m. 
| | atom C } atom C 
| 
Liver glycogen | 45 | 2040 Liver glycogen | 2.7 1975 
Fraction 1 | 93 | 1868 Fraction* 1 1860 
“ 9 | 42 | 1920 “9 2020 
“ 3 44 | 2046 | “ 3 2360 
“ 4 | 16 | 2140 | 
Muscle glycogen | 12 | 84 Muscle glycogen 3.1 69 
Fraction 1 14 | 270 Fraction* 1 104 
“ 9 | 12 | 109 - 9 49 
3 12 87 - 3 40 
” 4 10 56 | 
" 5 7 26 CS 








- Fractions s are in 1 the order of decreasing molecular weights. 




















TaBLeE IIT 
Comparison of Branching of Several Different Sized Fractions of Liver Glycogen 

Per cent of Average No. of 

Sample Mol. wt. X 10-6 | glucose residues glucose units 

in outer tiers* | per end groupt 
Liver glycogen (TCA ) . (Rabbit _ eee 45.2 | 54.0 20 
Essen gs hada oe ac cdaeaotn 93.1 55.2 21 
4. ipidaskviewwaneen 16.1 53.0 18 
Liver glycogen (KOH). se a ag 2.7 57.0 20 
Liver glycogen (TCA) (Rabbit 2). - 80.8 47.0 14 
SO 6 ooo ho 85-05,0:3 cadence ewanel 169.0 47.3 15 
ee a 45.8 16 








* From 6-amylase degradation studies. 
t From periodate oxidation studies. 


by these methods. Apparently the fraction of glucosyl residues in the 
outer chains, as well as the average number of glucose residues per terminal 
glucose unit, is not dependent upon the molecular weight. Per unit weight 
of glycogen the number of non-reducing end groups should therefore be 
about the same, regardless of the mean molecular weight of the sample 
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selected. Since the kinetic contribution of glycogen to the phosphorylase 
reaction is held to be related to the number of end groups (18), the differ. 
ences between large and small molecules found in vivo cannot be accounted 
for by differences in branching pattern. Analogous fractionation of amylo- 
pectin has been reported to give fractions with the same degree of branch- 
ing as the parent amylopectin (19). 

Velocity of Phosphorylase Reaction with Large and Small Glycogen Mole- 
cules—Samples of unfractionated glycogen have been compared with the 
fractions derived therefrom containing the heaviest and the lightest mole- 
































RABBIT LIVER GLYCOGEN RAT LIVER GLYCOGENS 
50 mg. % 25mg. % 50mg.% 50mg.% 
° 60 ie "7 a@60F . : 
wW 
& 50+ 7 4h one ae te | 
a X10 a 38 | 
® 40+ 0) W aot 4 
= 200 = MOL WT Ry 
a 30+ MOL.WT 7f a 30 X10" = 
- -6 b 
= 20+ alae = 20} | 
oO S) 
<a e) © iO 4 
WwW WwW | 
a. oO l l l ae ' ' | ' 
10) I 10 O > 10 % 10 O 3 0 
MINUTES MINUTES 
Fig. 1 Fig. 2 


Fic. 1. Velocity of phosphorylase reaction. The unfractionated rabbit. liver 
glycogen (A) has been compared with fractions containing the lightest (@) and 
the heaviest (O) molecules. Data are presented for two different concentrations of 
glycogen. 

Fig. 2. Velocity of phosphorylase reaction. The fractions containing the largest 
(©) and the smallest (@) sized molecules of two samples of rat liver glycogen are 
compared. 


cules. The comparison was based upon the velocity of inorganic phos- 
phate liberation from glucose 1-phosphate in the presence of repeatedly 
recrystallized muscle phosphorylase. Representative samples of these 
kinetic studies are given in Figs. 1 through 4. It will be noted that, re- 
gardless of the source of glycogen, whenever a great difference in weight 
average molecular weight was secured, the velocity of the phosphorylase 
reaction in the synthetic sense was greater when glycogen of lower molecu- 
lar weight was employed. It appears that, under the conditions studied, 


smaller glycogen molecules reacted more rapidly with muscle phosphory- 


lase than did larger glycogen molecules from the same preparation. In 
Fig. 4 it will be observed that, when the difference in molecular weights 
of fractions was small, the kinetic differences were also small and of ques- 
tionable significance. 
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From data of this sort Michaelis constants have been calculated by using 
the procedure of Cori et al. (11). Initial reaction velocities were obtained 




































RABBIT MUSCLE RAT MUSCLE RABBIT MUSCLE GLYCOGEN 
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Fig. 3. Velocity of phosphorylase reaction. The fractions from two samples of 
muscle glycogen are compared. 

Fig. 4. Velocity of phosphorylase reaction. Unfractionated rabbit muscle glyco- 
gen (@) has been compared with fractions containing the lightest (A) and the heavi- 
est (O) molecules in a sample in which the differences in molecular weights were 
small, 


TaBLE IV 
Michaelis Constants of Glycogens of Various Average Molecular 
Weights for Muscle Phosphorylase 














Sample Mol. wts. X 10-6 Kn 
mg. glycogen per 100 ml. 
Liver glycogen 

Fraction 1 169 80 
Unfractionated 81 47 
Fraction 5 15 16 

Muscle glycogen 
Fraction 1 73 50 
Unfractionated 26 47 
Fraction 5 10 20 

Muscle glycogen 
Fraction 1 11 56 
“cc 4 | 8 56 
Liver glycogen (TCA) 169 70 
Muscle ‘‘ (KOH) | 3.7 | 14 








from extrapolations of plots of the reciprocals of experimental first order 
velocity constants against time at four different concentrations of glyco- 
gen. Lineweaver-Burk plots (20) were then drawn, and values of Ky» 
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were determined (Table IV). The interpretation of these values is ques. 
tionable since, in contrast to the assumptions of Michaelis and Menten 
(21), the molarity of substrate is far lower than that of enzyme. Further, 
since our molecular weights represent weight, rather than number averages, 
the molarities of glycogen are not known. We have therefore followed 
Cori’s precedent of reporting K,, as mg. of glycogen per ml. Cori had re. 
ported a value of 21 mg. per 100 ml. for a KOH glycogen sample. Since 
the moles of non-reducing end groups per mg. of glycogen have been shown 
to be independent of the molecular size of the fractions of any particular 
glycogen sample (Table III), the values of K,, expressed as moles of end 
group per liter would be proportional to the numbers in Table IV. When 
sizable differences in molecular weight were obtained on fractionation, 
there was a tendency for smaller values of K,, to be associated with lower 
molecular weights, indicating greater affinity of these molecules for phos- 
phorylase. The results of these kinetic studies, with isolated, fractionated 
glycogen samples in vitro as substrates for phosphorylase, are not consistent 
with the results secured with muscle glycogen in vivo. The synthetic 


reaction catalyzed by phosphorylase in vitro proceeded more rapidly with | 


small than with large molecules of muscle glycogen. In the muscle of the 
intact animal, the reverse was true, the larger molecules always reacting 
more rapidly than the smaller ones. 

Synthesis of Glycogen-C™ in Vitro—In view of the failure of the foregoing 
results to account for the findings in the intact animal, a study was under- 
taken of the distribution of C'* among glycogen fractions obtained after 
treatment of unfractionated glycogen samples with phosphorylase and 


glucose-C™ 1-phosphate. In contrast to the earlier method of study, | 


fractionation here followed rather than preceded the enzymatic synthesis. 
Conditions were selected for this study such that the average increase 


in length of terminal chains of glycogen was limited to 0.05 to 2.4 glucosyl | 


residues. This would correspond to an average increase of 1 to 20 per cent 
in total quantity of glycogen. If uniformly distributed, this addition 
would not be expected drastically to change the properties of glycogen. 
The finding with muscle glycogen, of increases in weight average molecular 
weight in excess of that expected from the above considerations, indicates 


that the addition of new glucosyl residues was non-uniform and suggests | 


the occurrence of intermolecular transfers of glucosyl residues during the 
incubation. 
In the centrifugal fractionation of glycogen samples, the last fraction 
was in each case precipitated by addition of ethanol. In this last fraction 
would occur any undetected trace of glucose 1-phosphate of high specific 
activity which the extensive preliminary purification might have failed to | 
remove. For this reason less significance is placed upon these last frac- | 


tions 
centi 


Re 
106 
glyco 
alent 
B-gly 
sepal 


Live! 
Fr: 


nilli 
the | 


sam 
wer 


dist 
fte 


mn 





iS ques- 
Menten 
‘urther, 
erages, 
ollowed 
had re- 

Since 
1 shown 
rticular 
of end 

When 
mation, 
h lower 
ir phos- 
ionated 
nsistent 
mnthetic 


ly with | 


e of the 
reacting 


regoing 


; under- | 


ad after 
se and 


study, | 


nthesis. 
increase 


zlucosyl | 


per cent 
iddition 


ycogen. | 


olecular 
ndicates 


suggests | 
ring the | 


fraction 


fraction 
specific 


ailed to | 
st frac: | after 5 and 60 minutes of incubation with crystalline muscle phosphorylase 


M. R. STETTEN AND D. STETTEN, JR. 497 


tions than upon fractions obtained successively from aqueous solution by 
centrifugation. 
In Table V are presented the results of such studies, with TCA glycogen 


TABLE V 
Reaction in Vitro of Glucose-C™ 1-PO, with Glycogen and Muscle Phosphorylase 
100 mg. samples of rabbit liver glycogen (mol. wt. = 80.8 X 10°) or rabbit muscle 
glycogen (mol. wt. = 10.3 X 10°) were allowed to react with glucose-C" 1-PO, , equiv- 
alent to 26.8 mg. of glucose,* in the presence of rabbit muscle phosphorylase in a 
s-glycerol phosphate, Versene buffer of pH 6.8. The products were isolated and 
separated by centrifugation into fractions of progressively lower molecular weights. 





| 



































l 
|Average No Quantity | 
5 “ of glucose = a . Specific 
Sample | reaction equilibrium | ,"endNes. | 1, Ja | Selick | aeaivity 
| | chain | lated tien | | 
| min | mg. | mg. | oe fF. 
Liver glycogen 60 | 100 2.3 | 111/97 | | 517 
Fraction 1 | | 4 | 448 
9 | | 29 | 476 
3 | 16 | 528 
“4 | | | | 20 | 568 
“ § | | | 7] | 633 
Liver glycogen 5 64 | 1.5 110 | 90 | 97 | 756 
Fraction 1 | | 24 145 | 689 
‘2 | | 38 63 695 
yg | | | 12 11 794 
Muscle glycogen | 60 100 2.4 110 | 100 540 
Fraction 1 11 564 
% 2 42 556 
=. 3 38 | 526 
— 7 574 
Muscle glycogen 5 81 1.9 111 | 90 | 26 905 
Fraction 1 24 73 953 
x 2 8 39 946 
= 12 29 878 
- 38 10 | 856 











* The specific activity of the dipotassium glucose 1-PO, used was 3080 c.p.m. per 
milliatom of C for the 60 minute experiments and 9620 c.p.m. per milliatom of C for 
the 5 minute experiments. 


samples from the liver and muscles of a rabbit, of initial molecular weights, 
80.8 X 10° and 10.3 X 108, respectively. These same glycogen samples 
were also used in all experiments reported in Tables VI and VII. The 
distributions of radioactivity among fractions of these glycogen samples 
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and glucose-C'* 1-phosphate are reported. Here, for the first time, we see 
data secured from study in vitro which resemble the results previously ob. 
tained with intact animals; namely, that the liver glycogen molecules of 
lowest molecular weight and the muscle glycogen molecules of highest 
molecular weight are the most heavily labeled. The sole exception is seep 
in the muscle glycogen 60 minute experiment, Fraction 4, which may 


TaBLeE VI 
Time-Course of Reaction in Vitro of Glucose-C™ 1-PO, with Liver 
Glycogen and Muscle Phosphorylase 
100 mg. samples of rabbit liver glycogen (TCA), of molecular weight 80.8 X 106. 
were allowed to react with glucose-C™ 1-PO,, equivalent to 5.35 mg. of glucose.* 
in the presence of rabbit muscle phosphorylase in a 6-glycerol phosphate, Versene 
buffer of pH 6.8. The products were isolated after various time intervals and sepa. 
rated by centrifugation into fractions of progressively lower molecular weight. 


| |Average No.| Quantity 
Per cent | of glucose | __ 


Sample inc a [etegeii- =. a. “4 y Speciie 
| chain |Isolated fraction 
| min. mg. mg. C.p.m. per 
| m. atom C 
Glycogen | 0.166 | 13 | 0.058 | 95 | 80 | 75 49 
Fraction 1 | 32 146 32 
mS | | 24 29 42 
“ 3 | | 14 8 90 
Glycogen | 1 | 19 | 0.087 | 95 | 80 | 396 
Fraction 1 | | | 47 352 
‘i 2 | 15 418 
- 3 | 12 491 
Glycogen | 60 | 100 | 0.47 97 | 80 288 
Fraction 1 | | | 40 260 
3 | | 16 269 
hd 3 | 20 329 








* The specific activity of the dipotassium glucose 1-PO, was 26,300 ¢.p.m. per 


milliatom of C for the 10 second and 1 minute experiments and 9620 ¢.p.m. per milli- | 


atom of C for the 60 minute experiments. 


represent an error due to the contamination mentioned above. The first 
three fractions of this sample, all secured by sedimentation from water 


under successively increasing gravitational fields, fall nicely in sequence of | 


decreasing specific activity, but the last fraction, precipitated with ethanol, 
is out of line. This occurred in several other experiments. 

Time-course studies have been conducted with the same reagents. 
When the incorporation in vitro of radioactivity from glucose-C™ 1-phos- 
phate into liver glycogen was followed (Table V1), it was always noted that 
the fractions containing the molecules of smallest size were the most 
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heavily labeled, that this inequality of labeling was most marked at the 
shortest time studied (10 seconds), and that this decreased progressively 
with time. Analogous experiments with muscle glycogen again revealed 
somewhat higher specific activities in the fractions containing molecules 


Tas_e VII 
Reaction in Vitro of Glucose-C'* 1-PO, with Glycogen (TCA) and Liver Phosphorylase 


100 mg. samples of rabbit liver glycogen (TCA), molecular weight = 80.8 & 10°, 
or rabbit muscle glycogen (TCA), molecular weight = 10.3 & 10°, were allowed to 
react with glucose-C* 1-PO,, equivalent to 5.35 mg. of glucose,* in the presence of 
partially purified dog liver phosphorylase. The products were isolated, purified, 
and separated by centrifugation in fractions of progressively lower molecular weight. 


| Average No. of Quantity 
Sample et oe Specific activity 
chain Isolated =. = 
min. | mg. mg , oa. oS we 
Liver glycogen 60 100 0.47 93 | 75 204 

Fraction 1 34 172 
“ 9 28 187 
= 3 9 256 

Liver glycogen 1 77 0.36 95 80 1780 
Fraction 1 38 1330 
™ 2 23 1790 
3 3 2680) 

Muscle glycogen 60 100 0.47 90 | 75 17] 

Fraction 1 14 147 
” 2 32 164A 
3 25 153 

Muscle glycogen 1 62 0.29 9 SO 1915 
Fraction 1 29 M4) 
2s 2 33 1735 
3 7 BNO 


* The specific activity of the dipotassium glucose 1-PO, used was 9620 ¢ p.m. per 
nilliatom of C for the 60 minute experiments and 26,300 ¢.p.m. per milliatom of ( 
for the 1 minute experiments. 


of greatest molecular weight. No clear trend with the passage of time 
could be discerned. 

The same samples of glycogen were treated under similar conditions with 
a preparation of partially purified dog liver phosphorylase. We are grate- 
ful to Dr. Earl Sutherland for sending us this enzyme which represents 


Step 5 of his published preparation (12) and contains liver glycogen. This« 
polysaccharide contaminated the glycogen under study to the extent of 
about 5 per cent. The results obtained consistently showed (Table VII 


that, regardiess of whether liver or muscie giycogen was added, if wae the 
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fraction containing the smallest molecules which was most radioactive, 
This finding resembles those obtained with liver glycogen in the intact 
animal. 


TaBLe VIII 
Reaction in Vitro of Glucose-C' 1-PO, with Glycogen (KOH) 
and Liver or Muscle Phosphorylase 

100 mg. samples of glycogen, isolated from rats by the KOH method, liver gly- 
cogen (mol. wt. = 7.0 X 10®), or muscle glycogen (mol. wt. = 3.7 X 10°), were 
allowed to react with glucose-C™ 1-PO,, equivalent to 13.4 mg. of glucose,* in the 
presence of either purified rabbit muscle phosphorylase or partially purified dog 
liver phosphorylase for 5 minutes. 














Average vo 
Per cent ~ at d — Mol. wt.| Specifi 
Sample Ensyme so residues |, | X 10-* activity 
— Isolated = & 
| ms. | me. nist 
Liver glycogen Muscle phospho- 32 0.39 97 | 85 10.4 | 206 
Fraction 1 rylase 54 | 11.4 | 203 
= 2 7 7.3 | 174 
- 3 7 4.6| 151 
71 4 3 2.9) 151 
Liver glycogen Liver phosphoryl-| 65 0.77 106 | 90 11.0 | 371 
Fraction 1 ase 20 357 
. 2 11 346 
$3 3 14 324 
= 4 29 377 
Muscle glycogen Muscle phospho- 39 0.46 99 | 85 4.8 | 193 
Fraction 1 rylase 13 218 
a 2 12 204 
° 3 22 188 
= 4 29 159 
Muscle glycogen Liver phosphoryl-| 66 0.79 106 | 90 7.3 | 387 
Fraction 1 ase 10 457 
“ 2 5 429 
om 3 18 393 
” 4 50 331 























* The specific activity of the dipotassium glucose 1-PO, used was 9620 c.p.m. per 
milliatom of C. 


The foregoing experiments were all conducted with glycogen prepared 
by the TCA method. Table VIII summarizes experiments conducted 
analogously with muscle and liver glycogen isolated by the KOH method, 
hence of lower mean molecular weight. The results secured under these 
circumstances are quite different, in that, regardless of the tissue source, 
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the larger molecules of the glycogen population appear to be the most 
reactive. This is in contrast to what has been found in the liver of the 
intact animal. In this experimental procedure, results in vitro secured 
with TCA liver glycogen parallel what happens in vivo, whereas results 
in vitro obtained with KOH liver glycogen do not resemble the results of 
intact animal experiments. It is therefore suggested that liver glycogen, 
when isolated by the milder TCA method, more closely resembles glycogen 


TABLE IX 


Correlation of Molecular Weight with Radioactivity Introduced in Vitro into Glycogen 
from Glucose-C'* 1-PO, by Action of Liver or Muscle Phosphorylase 





TCA glycogen 





Liver glycogen 


Muscle glycogen 
(mol. wt. = 81 X 106) 


(mol. wt. = 10 X 10®) 



































| 
| 
| | | | l 
10 sec. 1 min. 5 min. 60 min. | 10 sec. | 1 min. | 5 min. = 
a | —— = — 
Liver phosphorylase | a | ie ; = | sai 
Muscle ee }-}- {7} r,#] +] +] 
ee ee ea cee eer 
Muscle phosphorylase + crude | |} | | | + 
branching enzyme | | | | 
| KOH glycogen 
| Liver glycogen Muscle glycogen 
} (mol. wt. = 7 X 106) (mol. wt. = 3.7 X 10) 
Liver phosphorylase | | st | + 
Muscle - + | + 
| 

















+ represents positive (direct) rank order correlation between radioactivity and 
molecular weight. — represents negative (inverse) rank order correlation between 
radioactivity and molecular weight. 


in the intact liver than does the material prepared by the classical Pfliiger 
alkaline digestion method. 

Table IX summarizes our experience with experiments of this type. 
When TCA glycogen was used, liver phosphorylase plus liver glycogen 
gave a negative or inverse correlation of molecular weight and radioactiv- 
ity, precisely as in the intact liver. When muscle glycogen and muscle 
enzyme were used, the correlation was predominantly positive or direct, 
resembling the situation in intact animal muscle. In cross-over experi- 
ments, liver glycogen plus muscle phosphorylase or muscle glycogen plus 
liver phosphorylase, a negative rank order correlation was obtained. When 
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glycogen prepared by the KOH method was used, the correlation was pre. | 
ponderantly positive. 


DISCUSSION 
A diagram has been prepared (Fig. 5) designed to suggest a possible 
explanation of these findings. In this scheme it is assumed that each 
species of phosphorylase has an optimum of reactivity with respect to the | 
molecular size of the polysaccharide substrate. In a very rough way the 
spectra of molecular weights of liver and muscle glycogen, prepared by the 
TCA method, and of KOH glycogen are represented. In our hands, glyco 





7 EEE, ae 
Liver Glycogen ( TCA) 
<KOH Glycogens> 





ee ee 
PR 
1 1 1 1 j i 1 1 1 | J 
arge M small 
oa ol. wt. Spectrum sive 


optimum size for action of 
muscle liver 
phosphorylase — phosphorylase 


Fig. 5. Proposed scheme relating range of molecular weights of glycogen prep- | 
arations and optima of activity of liver and muscle phosphorylase. 


gen isolated from liver by the TCA method is both of greater average 
molecular weight and more polydisperse than material so isolated from 


muscle, while both such products are of greater molecular weight than gly- | 


cogen prepared by KOH digestion. According to the present scheme, the 
optimal substrate size for muscle phosphorylase is among the smaller 
molecules of liver glycogen (TCA) and among the larger of muscle glycogen 
(TCA). Liver phosphorylase, from data here presented, prefers the smaller 
molecules of both preparations of TCA glycogen. The optimum for both 


enzymes is among the largest of the molecules of glycogen secured by the | 
KOH method. ' 

A problem has been raised to which no satisfactory answer can be given 
at this time. The synthetic activity of muscle phosphorylase has been | 


measured by two procedures. The first of these involved preliminary 
fractionation of glycogen into large and small molecules and the use d 
these products as acceptors of glucosyl groups from glucose 1-phosphate. 
The second procedure involved the treatment of unfractionated glycogen 
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with the same enzyme and glucose-C" 1-phosphate, followed by fractiona- 
tion of products into large and small molecules. In the first method ortho- 
phosphate production and in the second procedure C"* incorporation served 
as measures. It would be anticipated that the same process should be 
measured by both procedures. 

Muscle glycogen studied by the first method revealed the smaller mole- 
cules to be most reactive, but, when studied by the second method, the 
larger molecules reacted most rapidly. The only evident difference be- 
tween the two methods is that, in the first procedure, the enzyme was 
presented with a carefully prepared fraction of all the glycogen, whereas, 
in the second method, the enzyme was exposed to the entire spectrum of 
molecular weights of glycogen. The difference in results secured by the 
two methods is tentatively assigned to this difference in the experimental 
procedures. 


The authors wish to acknowledge the valuable assistance of Mrs. Dolores 
Lowery and Mr. Howard Katzen. 


SUMMARY 


Earlier observations in vivo that incorporation of glucose proceeds most 
rapidly into the larger molecules of glycogen in muscle and into the smaller 
molecules of glycogen in liver have been confirmed and extended. Condi- 
tions in vitro have been sought which would yield similar results. 

When the synthetic activity of muscle phosphorylase was measured upon 
previously fractionated samples of glycogen, those fractions containing 
the smallest molecules were found to be most reactive, regardless of whether 
liver or muscle glycogen was used. However, when unfractionated glyco- 
gen, prepared by mild acid extraction, was treated with phosphorylase 
and glucose-C'* 1-phosphate, and the product subsequently fractionated, 
results compatible with those obtained with intact animals were secured. 
Incorporation of isotope was greatest into the largest polysaccharide mole- 
cules when muscle phosphorylase and muscle glycogen were used. In- 
corporation was greatest in the smallest molecules when liver glycogen and 
iver phosphorylase were tested. 

When phosphorylase from either tissue was tested with glycogen pre- 
pared by alkaline digestion, hence of lower mean molecular weight, the 
‘argest molecules proved to be most reactive. 

A scheme is presented, based upon the range of molecular sizes in each 
type of glycogen preparation and a postulated preference of each phos- 
phorylase for polysaccharide molecules of a specific size, to account for the 
present findings. Muscle phosphorylase appears to prefer larger glycogen 
molecules than does liver phosphorylase. 
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THE CONVERSION OF C*-LABELED SUGARS TO L-ASCORBIC 
ACID IN RIPENING STRAWBERRIES 


II. LABELING PATTERNS IN THE FREE SUGARS* 


By FRANK A. LOEWUS anv ROSIE JANG 
WITH THE TECHNICAL ASSISTANCE OF WALTER MANN, JR., AND ARTHUR BEVENUE 


(From the Western Regional Research Laboratory, Western Utilization Research and 
Development Division, Agricultural Research Service, United States 
Department of Agriculture, Albany, California) 


(Received for publication, December 20, 1957) 


Incorporation of C“ into L-ascorbic acid' in detached ripening straw- 
berries to which specifically labeled sugars have been administered has 
demonstrated a close relationship between ascorbic acid and glucose 
metabolism at the hexose level (1). Corresponding observations have 
been made on the conversion of glucose to ascorbic acid in green gram seeds 
(2, 3) and in cress seedlings (4). Ascorbic acid isolated from strawberries 
fed glucose-1-C™ was found to contain 65 to 70 per cent of its total activity 
in carbon 1. This observation, together with other related data, was 
interpreted as evidence that glucose or a closely related intermediate was 
the ultimate precursor of ascorbic acid in plants; that the conversion of 
glucose to ascorbic acid occurred in such a way that the carbon chain was 
preserved intact, and that carbon 1 of glucose became carbon 1 of ascorbic 
acid. The last observation mentioned was in contrast to the pathway of 
ascorbic acid formation in both the cress seedling and the rat, as proposed 
by Isherwood, Chen, and Mapson (5), and in the rat as proved by King 
and coworkers (6-9). In an effort to learn whether results obtained with 
the strawberry represented a unique or possibly an alternative pathway, or 
whether the observation was representative of the normal path of ascorbic 
acid formation in plants, the glucose-1-C'* experiment was repeated with 
cress seedlings (4). Again, about 70 per cent of the total activity of the 
ascorbic acid appeared in carbon 1 after administration of glucose-1-C™. 

To provide further information on the origin and nature of ascorbic 
acid labeling patterns obtained from strawberries administered various 
specifically labeled sugars, we have now investigated labeling patterns of 
certain of the free sugars recovered from the identical berries used in the 
ascorbic acid study (1). The free sugars of the strawberry include sucrose, 

* A portion of this paper was presented at the annual meeting of the American 
Society of Biological Chemists, Chicago, Apr., 1957. 

' Hereafter, ascorbic acid will refer to L-ascorbic acid, glucose to p-glucose, galac- 


tose to p-galactose, fructose to p-fructose, xylose to p-xylose, ribose to p-ribose, 
arabinose to L-arabinose, and galacturonic acid to p-galacturonic acid. 
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glucose, fructose, xylose, and ribose. Neither arabinose nor galactose jg 
present in the berry extract in quantities that can be detected by the 
methods employed in this study. It was decided to investigate the label- 
ing patterns of glucose and xylose since microbiological methods are ayvail- 
able (10, 11) for the specific stepwise degradation of these sugars. Ip 
addition, sucrose was hydrolyzed and the glucose moiety degraded. 

Three additional experiments have been carried out with use of galactose- 
1-C™ in order to clarify the observation initially reported (1) that ascorbic 
acid from a strawberry labeled with this sugar has its C“ distributed equally | 
between carbons 1 and 6. C* distribution patterns have been determined 
for ascorbic acid, free glucose, free xylose, and sucrose-derived glucose, | 
Galacturonic acid, which was recovered from the alcohol-insoluble fraction 
of the galactose-1-C™ berries, will be reported later. 


Materials 


Glucose-1-C™ (1.2 and 2.5 we. per mg.), glucose-2-C' (1.8 ue. per mg), 
and galactose-1-C™ (1.2 ue. per mg.) were obtained from Dr. H. 8. Isbell, 
National Bureau of Standards. 

The strawberries used in these experiments were obtained from the Gill 
Tract, University of California, Berkeley, through the kindness of Pro- 
fessor 8. Wilheim. 

Starting cultures of Leuconostoc mesenteroides and Lactobacillus pentosus 
were generously donated by Professor H. A. Barker and were maintained 
with the help of Dr. J. L. Stokes and Mr. H. G. Bayne. : 

Analytical grade reagents were employed throughout these experiments. | 


Methods ' 


Incorporation of Label and Separation of Berry Constituents—Details oi 
the experimental conditions employed in labeling the berries used in 
Experiments 1 to 12 have already been described (1). Table I provides 
the details of Experiments 13 to 15, 18, and 19. Fig. 1 summarizes the 
methods employed in separating the berry constituents. Ascorbic acid | 
was recovered by methods already reported (1). The effluent from the 
Dowex 1 (formate) exchange column was, in each experiment, concen- 
trated to a small volume in vacuo. In Experiments 5 and 9, a preliminary 
separation of the free sugars was attempted on Dowex 1 (borate) exchange 
columns (25 X 0.8 cm.) by using a gradient of 0.05 m potassium tetraborate 
and a 200 ml. mixing chamber (12, 13). A clear resolution of the mono- | 
saccharides was not achieved. Complete separation of the combined } 
monosaccharide fractions was accomplished by paper chromatography. 
In subsequent experiments, the Dowex 1 (formate) concentrate was ap | 
plied directly to paper. The procedure involved careful streaking of the 
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tose is! syrupy concentrate in a narrow band (2 or 3 mm. wide) at the origin of 
ny the several large (18 X 22 inches) sheets of Whatman No. 1 paper, accompanied 
: label- 
 avail- Tasue I 
‘s. In Experimental Data Concerning Administration of Radioactive Sugars 

to Detached Ripening Strawberries 



































actose- ae Experi-| Berry color Berry weight Duaration en 
scorbic Sugar administered* .. __2 eeuectas Ia! Socom Gees of dmini 
we: | No. | tnitial | Final | Initial| Final | ©*Periment |*°mmistered 
qually > 3 7 il eet 
rmined gm. gm. hrs. pc. 
lucose,| »-Galactose-1-C™ | 13 | Green | White | 6.1] 6.7 64 8.3 
ae “ .......| 14 | White-| Red 9.2| 9.7 40 7.8 
raction : 
pink 
“ | 15 | White | Pink 5.0 | 6.0 47 6.9 
p-Glucose-1-C!4 | 18 | Red | Red 10.9 | 10.8 46 19.4 
a 19 | White | “ 8.4| 7.8 46 | 14.6 
r mg.), ae ee , | eo 
Isbell * All berries were allowed to take up the labeled compound through the cut stem 
Pei. with the exception of Experiment 14, in which the berry was injected with a solution 
of the C-labeled sugar. 
the Gill 
of Pro- | BERRY 
i 70% 
; ETHANOL 
pentosus 
ntained | 
INSOLUBLE SOLUBLE 
j FRACTION FRACTION 
‘iments. | . 
DOWEX SO (H) 
>| 
tails of RETAINED EFFLUENT 
used in ON COLUMN 
A DOWEX | (FORMATE) 
srovides 
izes the 
bic , EFFLUENT GRADIENT 
LUTION 
rom the PAPER | ll 
concel- aaa eit cesan | GEL 
liminary | SUGARS ORGANIC 
xchange ACIDS 
raborate | Fic.1. Diagram of the methods employed in separating the various constituents 


e mono) {rom single detached ripening strawberries administered C'4-labeled sugars. 
ombined | 
graphy. | by appropriate controls. The papers were developed by descending chro- 
was ap | Matography with use of ethyl acetate-pyridine-water (8:2:1) over a period 
eof the of 24 to 40 hours (14). After drying in air at room temperature, the papers 
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were washed with ether and again dried. Lateral strips containing the 
controls and a portion of the berry concentrate were cut from either edge 
of each sheet for chemical spray tests. Aldoses were detected with an 
aniline-trichloroacetic acid reagent (14) and ketoses with a resorcinol 
reagent (14). The strips were heated about 2 minutes at 110° to develop 
the spots. Radioautographs of the unsprayed central portion of each 
chromatogram were prepared with Eastman No-Screen x-ray film for 
exposure times ranging from 6 to 24 days. 

Individual sugars were recovered separately from the developed chro. | 
matograms by elution after comparison of the radioactive bands as de. | 
termined from theradiographs with thechemically sprayed strips. Hexoses 
and sucrose were assayed quantitatively by means of the anthrone reaction | 
(15) and pentoses by means of the orcinol reaction (16). Aliquots of each | 
sugar were plated on stainless steel planchets and counted to obtain an 
estimate of the activity. 

Sucrose was quantitatively hydrolyzed by heating for 1 hour in ap 
aqueous solution with Dowex 50 (H*). The hydrolysate was chromato- 
graphed again and the glucose and fructose moieties were recovered sep- 
arately and assayed as above. 

Glucose Degradation—Glucose was degraded, after appropriate dilution 
with unlabeled glucose, by fermentation with cell suspensions of L. mesen- 
teroides (10). COs, representing carbon 1, was trapped in nN NaOH by 
employing the 50 ml. flasks equipped with center wells as described by 
Katz et al. (17). Ethyl alcohol, corresponding to carbons 2 and 3, was 
distilled from the cell-free reaction mixture and was degraded chemically | 
after oxidation to acetic acid (18). Lactic acid, representing carbons 4, 5, 
and 6, was recovered from the residues of the alcohol distillation by liquid- 
liquid extraction with ether and was degraded chemically, carbon by car- | 
bon (18). Simultaneous degradation of uniformly labeled glucose and 
appropriate controls served as checks of each fermentation. 

Total activity of the glucose samples and their primary degradation 
products were obtained by complete oxidation to CO, with persulfate (17). 

Xylose Degradation—Xylose was degraded, after appropriate dilution 
with unlabeled xylose, by fermentation with resting cell suspensions of 
xylose-adapted L. pentosus (11). In each fermentation run, a sample of 
synthetic xylose-1-C™ was included. The results were accepted only in 
those cases in which the xylose-1-C™ control showed less than 3 per cent 
redistribution in the fermentation products. 

In all experiments, the fermentation mixture was centrifuged free from 
cells, titrated until slightly alkaline, concentrated to a small volume, and 
acidified. The mixture was then adsorbed onto a silicic acid column and 
was separated with chloroform with use of a 30 per cent n-butanol gradient 
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(19). In addition to acetic and lactic acids, an unknown acidic component 
amounting to about 3 per cent of the titratable acidity invariably appeared 
midway between the acids mentioned above. The acetic and lactic acid 
fractions were degraded stepwise (18). Total activities were determined 
in a manner analogous to that used for glucose. 

Ascorbic Acid Degradation—Ascorbic acid was degraded by methods 
previously described (1, 7, 8). 

Determination of Radioactivity—Estimates of the activity of the various 
berry fractions and constituents were obtained by plating appropriate 
aliquots on stainless steel planchets as infinitely thin samples. These 
were counted under a thin window flow counter in the Geiger region. No 
attempt was made to correct these counts for other than background, 
which averaged about 14 ¢.p.m. 

CO; from the degradation products of glucose was recovered as BaCO; 
and counted as described previously (1, 20). COs: from the degradation 
products of xylose was counted directly by the gas-counting procedure of 
Bernstein and Ballentine (21, 22). This gas-counting method was able 
to detect about five times as many C" disintegrations as the solid sample 
method. All specific activities in this paper have been converted to the 
gas count level (about 80 per cent of the total disintegrations) for purposes 
of comparison. The results are recorded as counts per minute per mg. 
of carbon. 


Results 


C™ Distribution among Free Sugars—Between 25 and 40 mg. of glucose 
were recovered from a single berry. For purposes of comparison, Table 
II gives the various ratios of glucose, fructose, and xylose to sucrose actually 
observed after elution of the sugar components from the paper chromato- 
grams. Fructose was the most abundant free sugar in all experiments. 
Xylose was the least abundant free sugar. The relative activities of these 
sugars are listed, by experiment, in Table III. It should, perhaps, be 
emphasized that the values given in Table III are quite approximate in 
that they were obtained by plating aqueous aliquots of the various sugars 
directly onto steel planchets. Both the area over which the aliquot was 
spread and the drying environment varied by experiment. Nevertheless, 
the values obtained were fairly consistent and reproducible, corresponding 
to slightly more than one-half of the actual specific activity in the case of 
free glucose and free xylose (see Table IV). With the possible exception 
of Experiment 9, the specific activity of sucrose was highest. Free glucose 
from glucose-labeled berries had an unusually high specific activity that 
probably reflected the degree of utilization of added label. The dilution 
factors listed in Table IV were necessary either to provide sufficient material 
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for degradation or, in a few cases, to lower the activity to a convenient 
level. The undiluted specific activities in Table IV were obtained by wet 


TaBLeE II 


Free Sugar Ratios in Individual Detached Ripening Strawberries 
after Administration of Labeled Sugars 





p-Glucose-1-C* } 7 | p-Galactose-1-C™ 





Sugar administered : i vi 
ugar admi Experiment No. 








0 ¥* 
Delta eee... 4134/40] 6.4 1.1 


sucrose* 


“ 


20 * 
ee. ... 21/48/64] 86 | 1. 


~I 
~I 
Qo 
ba | 
Co 
~ 


sucrose* 


« Free xyloset 


oe 1 0.3 | 0.4 0.8 0.1 | 0.3 | 0.3 | 04 
sucrose 





























* As determined colorimetrically with an anthrone reagent (see under ‘“Meth- 
ods’’). 
t As determined colorimetrically with an orcinol reagent (see under ‘“‘Methods”), 


TaBLeE III 
Activity* of Free Sugars from Labeled Detached Ripening Strawberries after 
Elution from Paper Chromatograms 





C.p.m. per mg. carbon X 1073 





| 
p-Glucose-1-C™ on p-Galactose-1-C™ 








Sugar administered 





Experiment No. 

















2 | 5 | 7 9 | 10 13 14 1s 

aa Wee ete ieee eae 
Sucrose.................| 332 | 59 | 206 74 «=| «13 | 156 | 81 | 9 
Free glucose.............| 70 | 20 | 127 et « 14 10 | 20 
“ GROIBOS. i ccd 6 | 23 17 | 2 8 | 6 | 16 
gk ee eee 4 6 | 14 | 3 8 | 13 | 38 








* Activity as estimated from counts obtained by plating an aliquot of the eluted 
sugar on a steel planchet and drying to a very thin film. 


combustion of aliquots of the free sugars or ascorbic acids. Sucrose-derived 
glucose from glucose-1-C™ or -2-C'-labeled berries had specific activities 
ranging from values almost comparable to the fructose moiety (Experi 
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ments 5 and 7) to values many times that of fructose (Experiments 2 and 
9). Similar variable labeling results in the hexose moieties of sucrose have 
been experienced by others (23-25). When galactose-1-C™ was used as 
a label, both moieties of sucrose were equally labeled (26). 


TaBLeE IV 
Dilution Factors and Specific Activites* of Free Sugars and Ascorbic Acid Selected for 
Degradation from Labeled, Detached Ripening Strawberries 


Sugar administered 


p-Glucose-1-C" cose- p-Galactose-1-C! 


Experiment No. 


| 2 3 5 7 18 19 7 = 13 14 15 





Dilution factors 





Suerose-derived 


| 
105 | 17 | | 1138 «| 5.2 


glucose. ..... 1350 67 2) 31 19 | 48 
Free glucose. ... 3.44 2 | 172 49 | 14.2} 1.4] 3.3) 1.4] 7.8 
“xylose . <a 30 | 26 46 | 46|17 | 26 | 59 | 27 | 35 


Aseorbie acid. .... t t 4 4 | | t | t | 60 | 59 | 93 
| | | 
Specific activities, 
c.p.m. per mg. carbon X 107% 


| | 
110 510 1300) 34 340 | 170 | 190 
7 | 2 








Sucrose-derived glu- 





_ Saae 2700 | 32 

Free glucose. ... 98 | 4.9| 37 | 210 170} 6.2) 35| 14} 30 
“ xylose........| 32 9} 8.8| 10.5] 26| 26) 4.7; 25| 20| 24 
Ascorbic acid. . . .. .|f(29)|t(5.5)|t(18)|t (4.4) it 0)| +18) | 11| 16| 22 





* Counts per minute per mg. of carbon X 10~* (gas phase counter at approximately 
80 per cent efficiency for C' disintegration). 

t See Loewus e¢ al. (1) for data. The specific activities given in parentheses were 
calculated from the data in Table I (1) by assuming a 16 per cent efficiency for the 
solid sample counts and multiplying by a factor of 5 to obtain the comparable ‘‘gas 
phase’’ count. 


The specific activities of free glucose, free xylose, and ascorbic acid were 
of the same magnitude in all experiments, except those in which glucose 
label was administered by injection into the berry pulp (Experiments 5, 
7,and 9). This observation was especially true of galactose-1-C"*-labeled 
berries. The ascorbic acid values recorded in Table IV are probably lower 
than the specific activity of ascorbic acid as it existed in the berries. An 
unmeasured amount of ascorbic acid was oxidized in the course of isolation 
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of the berry components. This oxidized ascorbic acid was lost. since 
subsequent dilution and recovery were performed only on the reduced 
form (1). 

Fig. 2 provides still further information concerning the distribution of 
label among the free sugars of the strawberry. Experiment 7, a glucose-1- 
C™ berry, had most of its label distributed between free glucose and sucrose, 
The free fructose band was actually two overlapping radioactive constit- 
uents, the slower moving one, unidentified. This is more apparent in 





Fic. 2. Radioautographs of chromatograms of free sugars recovered from the con- 
centrated residue of the Dowex 1 (formate) effluent recovered during separation of 
the alcohol-soluble constituents from detached ripening strawberries administered 


C'*-labeled sugars. Experiment 7, glucose-1-C™, 24 hours, injected; Experiment 9, 
glucose-2-C', 46 hours, injected; Experiment 13, galactose-1-C™, 64 hours, stem-fed; 
Experiment 14, galactose-1-C', 40 hours, injected. The symbols refer to sucrose (§), 
glucose (GL), galactose (GA), fructose (F), and xylose (X). 


Experiment 9, a glucose-2-C™ berry. (The sucrose band is missing from 
this latter chromatogram since it represents only the monosaccharide 
portion of a Dowex 1 (borate) exchange column separation run before 
paper separation.) The unknown component was present and became 
labeled in all experiments. It was eluted together with glucose, fructose, 
and xylose from Dowex 1 (borate) columns. It gave no detectable aldose 
reaction. Efforts to establish whether it was a ketose were unsuccessful, 
due to interference by fructose. Further studies of this component are 
in progress. 

Only a trace of label remained in the galactose region in Experiment 13, 
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a galactose-1-C™ berry. Galactose is not normally found among the free 
sugars of the strawberry. In this experiment, as in Experiment 14 (in 
which a greater portion of the administered galactose-1-C' remained 
unused), sucrose had the highest specific activity and the greatest amount 
of C4. The C distribution among the free sugars was similar to that 
observed in glucose-labeled berries. 

C™ Distribution in Carbon Chains of Glucose, Xylose, and Ascorbic Acid— 
The per cent distribution of label from glucose-1-C™, glucose-2-C™, or 
galactose-1-C'-treated berries into the carbon chains of free glucose, 
sucrose-derived glucose, and free xylose is shown in Tables V, VI, and VII. 


TABLE V 
Per Cent Distribution of Radioactivity in Free Glucose from 
Strawberries Fed C'4-Labeled Sugars 





Sugar administered 





p-Glucose-1-C™ | p-Glucose-2-C™ 


1 spulihciilabaena 


x a 
p-Galactose-1-C™ 


Experiment No. 


2 s isis 9 | 1 | 13 | 4 | 4s 
1 92.1 | 85.4 | 89.2|97.7| 0.6 | 88.7 | 82.6 | 82.6 | 82.8 
2 0.5|\ .. f) 3.1] 0.3] 93.6 | 0.8] 0.8| 1.0] 0.8 
3 0.5 |f °° \l 14] 03] 4.1 2.1] 3.1] 2.8] 1.8 
4 0.1 || | 1.1 | 0.2 | 0.3 1.4| 1.6] 0.5) 1.6 
5 0.0|} 9.44| 0.9] 00; 28 | 0.2) 0.2] 03} 0.1 
6 5.8 |] | 4.3| 1.5 1.6 | 6.6| 11.9] 12.8 | 12.9 


No significant differences appeared between stem-fed or injected berries. 
Approximately 80 per cent or more of the C™ in free or sucrose-derived 
glucose remained in carbon 1 in glucose-1-C™ and galactose-1-C™ berries. 
Most of the redistributed activity was found in carbon 6. Complementary 
results were obtained in the glucose-2-C™-labeled berry. The patterns 
obtained from sugars in which a metabolic conversion occurred, such as 
the conversion of glucose-1-C™ or galactose-1-C™ to sucrose or the conver- 
sion of galactose-1-C™ to free glucose, were similar and resembled patterns 
obtained by others (25-28). The glucose patterns from glucose-1-C™ 
berries also resembled the ascorbic acid patterns with respect to the distri- 
bution of C between carbons 1 and 6. The significant accumulation of 
C* into carbon 3 of ascorbic acid (1) was, however, not found in the glucose 
constituents of the same berries. All of the 6-carbon berry constituents 
examined had significantly lower amounts of label in carbon 5 when derived 
from hexose-1-C™ berries than was found in any other carbon atom. 
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The free xylose-labeling patterns are shown in Table VII. 


The five! 
glucose-1-C'*-labeled berries examined had a variable pattern in which 


over 90 per cent of the C™“ appeared in carbons 1, 3, and 5. The xylog 
TABLE VI 


Per Cent Distribution of Radioactivity in Sucrose-Derived Glucose from 
Strawberries Fed C'4-Labeled Sugars 





Sugar administered 





| | 
p-Glucose-1-C™ | p-Glucose-2-C™ | p-Galactose-1-C™ 


| | 





Carbon atom 


























Experiment No. 
2 3 5 7 | 9 | 10 13 | 14 15 
1 83.7 | 79.5 | 83.2 | 92.8 2.0 | 84.1 | 77.9 | 78.2 | 79.9 
2 0.7 9.4 i4| 63 75.6 | 0.4) 1.1] 1.1] 13 
3 0.5 i 1.8] 0.4 3.5 $4) 3:91 3.3) & 
4 1.5 1.8| 0.6 1.5 16] 2.6) 2.5] 24 
5 0.1 |) 11.1 4] 0.2] 0.0) 13.6 | 0.1] 0.8] 0.4) 03 
6 | 13.5 11.7} 6.0] 338 11.4 | 13.7 | 14.5 | 148 
TaBLeE VII 


Per Cent Distribution of Radioactivity in Free Xylose from Strawberries 
Fed C'4-Labeled Sugars 





Sugar administered 








p-Glucose-1-C™ p-Galactose-1-C™ 


Carbon atom 





Experiment No. 














2 | 5 | 7 | 18 | 19 | 9 | 10 13 “ | 4 
th Roe See a Roe, eek A ae Bae ile 
1 2.6] 01.8 | 10.6 48 | 63 | 5.9 | 77.7| 83.1 | 87.1| 878 
2 0.9 | 0.8| 04] 4 | 4 | 67.4 | 1.6] 1.8] 1.3] 10 
3 5.5| 4.6| 44] 16] 8 | 56 | 3.7| 7.9| 4.9] 51 
4 1.3 | 12 | 01| 6] & 2.6 | 0.0} 2.0} 0.7} 20 
5 29.7 | 2.6 | 75.5) 26 | 20 18.5 | 17.0} 5.2} 6.0} 43 





pattern found in Experiment 7 was double-checked, and since it represented 
an anomalous result, prompted us to run Experiments 18 and 19 in a 
attempt to correlate the observation with the maturity of the berry. 
Experiment 18 was started as a red-ripe berry while Experiment 19 was 
green and just beginning to ripen. The results obtained by these two 
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experiments suggest that maturity does indeed play a role in the xylose- 
C' pattern. Green berries (Experiments 2 and 19) had similar patterns. 
Red-ripe berries (Experiments 5, 7, and 18) gave variable patterns, sug- 
gesting that normal pentose metabolism is altered by the ripening process. 
This effect is also reflected in the specific activities of free xylose (Table 
IV); the green berries contained about twice the activity found in ripe 
berries of comparable initial labeling. A similar effect was found in the 
ascorbic acid patterns of the strawberry (1) and the xylan-derived xylose 
of wheat plants (27). 

Only minor variations were noted in the C™ patterns obtained from 
xylose derived from berries fed galactose-1-C". Most of the label appeared 
in carbon 1 and essentially all that remained was in carbons 3 and 5. This 
pattern resembles the one obtained from wheat plant xylan after treat- 


TaB_Le VIII 


Per Cent Distribution of Radioactivity in Ascorbic Acid from Strawberries 
Fed p-Galactose-1-C™ 





Experiment No. 
Carbon atom 








| 13 | 14 15 
1 | 47 | 65 67 
1 and 2 | 53 70 69 
3 5 | 5 2 
4 and 5 | 3 3 | 4 
6 | 39 23 | 25 

















nese two 








ment with glucose-1-C' (27-29) and, together with the galactose to glucose 
conversions patterns reported above, suggests that a single major pathway 
is responsible for the incorporation of galactose into the hexose phosphate 
pool of the berry. 

Ascorbic acid from galactose-1-C'-labeled berries contained a greater 
percentage of C™ in carbon 6 than had been observed in glucose-1-C"- 
labeled berries (Table VIII), but the almost equal labeling of carbons 1 
and 6 of ascorbic acid in a galactose-1-C™ berry reported earlier (1) could 
not be duplicated. In the present experiments, carbon 1 contained the 
major portion of C™. 


DISCUSSION 


The primary aim of the present investigation was to compare the labeling 
pattern found in the glucose pool of the strawberry with that found in 
the ascorbic acid of the same berry after a given labeled sugar had been 
administered. It was previously reported (1) that ascorbic acid from 
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glucose-1-C'*-labeled strawberries contained 65 to 74 per cent of its label 
in carbon 1, 14 to 19 per cent in carbon 6, and 4 to 18 per cent in carbon 3. 
While this observation alone appeared sufficient to preclude biosynthetic 
schemes involving an inversion of the 6-carbon chain between glucose and 
ascorbic acid, the considerable redistribution of label into carbons 6 and 3 
prompted a closer look at the fate of the C™ in the carbohydrate metabolism 
of the berry. Further, the proposal that galactose rather than glucose 
might be the ultimate precursor of ascorbic acid (5, 30-32) led us to exam- 
ine the metabolic patterns formed by this sugar. 


The results of this study are surprisingly consistent, especially when one | 


considers the fact that individual berries at varying stages of maturity 
were administered the labeled sugars under varying conditions. This 
consistency is especially evident in the case of berries fed galactose-1-C", 
Strawberries rapidly converted galactose to other berry constituents as 
measured by the disappearance of label from the area normally occupied 
by galactose in the sugar chromatograms. Hassid, Putman, and Ginsburg 
(26) have reported that galactose-1-C' was rapidly converted to sucrose 
by Canna leaf disks. They also found that the same labeling pattern was 
obtained in the sucrose-derived glucose of wheat seedlings from galactose-l- 
C™ as from fructose-1-C™ or from glucose-1-C" (25). The present obsery- 
ations are in complete accord with their findings. Plants administered C“ 
either in the form of specifically labeled glucose or galactose rapidly redis- 
tribute this label in a hexose phosphate pool in such a way that about 15 
per cent of the hexose label appears symmetrically in the other triose moiety 
of the hexose. This pattern is retained by the 6-carbon chain as it under- 
goes further transformation to such plant constituents as sucrose (25, 26), 
cellulose (25, 27, 28, 33), galacturonic acid (20, 34) or ascorbic acid (1, 4). 
Additional redistribution effects are to be expected, the further the hexose 
derivative is from the oxidation state of hexose itself. Thus, as was ob- 
served in the case of ascorbic acid, it is not surprising to find a considerable 
redistribution of label into carbon 3 from glucose-1-C", if, as was postulated 


— 





wn 


earlier (1), the ascorbic acid pathway coincides with pentose metabolism 


in the berry. Further evidence along these lines will be presented in a 
separate paper. The observation that galactose-1-C™“ caused a much 
greater redistribution of C™ into carbon 6 of ascorbic acid than did glucose- 


1-C™ suggests that, unlike glucose, which probably enters the hexose pool | 


corresponding to the ultimate precursor of ascorbic acid rather directly, 
galactose must first be converted to glucose. This conversion might well 
involve an extensive equilibration with three carbon intermediates. It 
is of interest that Hassid et al. (26) observed in Canna leaf disks fed galae- 
tose-1-C™ a rapid increase in C"*-labeled lactic acid in addition to labeled 
sucrose. The considerable amount of C™ found in carbon 6 of ascorbic 
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acid in Experiment 10 (1) is not reflected in the labeling pattern of glucose 
from the same berry. Ascorbic acid patterns from Experiments 13, 14, 
and 15-(Table VIII) all show a greater percentage of C" in carbon 6 than 
do glucose patterns from the same berries (Table V and VI). Since the 
specific activities of the free hexoses and ascorbic acid from these berries 
were comparable (Table IV), it seems most reasonable to assume that 
any additional redistribution of label in ascorbic acid occurred as a result 
of prolonged equilibration with the triose phosphate pool. Such an event 
is readily understood when one considers the different pathways involved. 
Galactose is probably converted to glucose by way of galactose 1-phosphate, 
as has been reported in Canna disks (26),? and then on to glucose 1-phos- 
phate in a manner analogous to the conversion found in other higher plants 
(35). Recently, Shibko and Edelman (36) have reported finding a con- 
sistent pattern of redistribution of C™ in free glucose, sucrose, sugar 
phosphate, and cellulose from barley seedlings after feeding glucose-1-C%, 
glucose-2-C™," or fructose-4 ,5 ,6-C™ similar to those found in the strawberry. 
Thus it appears that the point of entry of the sugar label into the sugar 
metabolism pool plays a part in determining the labeling pattern of the 
ascorbic acid. Glucose, entering by way of the plant hexokinase reaction 
as glucose 6-phosphate, is immediately available for both sugar metab- 
olism and ascorbic acid formation (1). Galactose, on the other hand, 
must first pass through the glucose 1-phosphate and glucose 6-phosphate 
pools before going on to further oxidation steps leading to ascorbic acid. 

Isherwood, Chen, and Mapson (5) reported that ascorbic acid synthesis 
in cress seedlings was definitely depressed by pi-glyceraldehyde but not 
by p-glyceraldehyde. -Glyceraldehyde has been shown to inhibit hexo- 
kinase activity by virtue of the fact that it condenses in the presence of 
aldolase with dihydroxyacetone phosphate to form L-sorbose 1-phosphate 
(37). Isherwood and his coworkers rejected the view that the depressed 
synthesis of ascorbic acid was due to inhibition of formation of glucose 
6-phosphate in favor of a proposal that L-glyceraldehyde competed with 
their proposed y-lactone precursor of ascorbic acid. In view of the present 
labeling data, it seems more reasonable to accept the .L-glyceraldehyde 
effect as first described, an inhibition of glucose 6-phosphate formation. 

The xylose degradation data lend little information of direct benefit 
to the interpretation of the labeling patterns among the hexose sugars or 
ascorbic acid other than to emphasize the observation that there is relatively 
little recycling of label from free xylose back into the hexoses. Ascorbic 
acid, on the other hand, probably does receive a portion of its redistributed 
label from pentose. 


* Personal communication from Dr. E. W. Putman. 
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SUMMARY 


p-Glucose-1-C™, p-glucose-2-C™, or p-galactose-1-C' were stem-fed or 


injected into individual detached strawberries at various late stages of 
maturity. The labeled free sugars of the berries were isolated, separated, 
and identified. They were sucrose, glucose, fructose, an unidentified 
component, and xylose. In all experiments, sucrose had the highest 
specific activity. The glucose moiety of sucrose was more heavily labeled 
than the fructose moiety in glucose-labeled berries but the difference varied 


co 
su 


~ 


nsiderably in separate experiments. Glucose and fructose moieties of 
crose were equally labeled in the galactose-labeled berries. 
The labeling patterns within the sucrose-derived glucose and the free | 


glucose from both glucose-1-C™ and galactose-1-C'-labeled berries were | 
similar, about 80 per cent or more of the C™ appeared in carbon 1 and 
virtually all of the remaining activity in carbon 6. The free xylose patterns 
from glucose-labeled berries were variable and appeared to be a function of 


th 
ca 


were fairly consistent, with about 80 per cent of the C™ in carbon 1 and | 


e maturity of the berry; however, almost all of the label appeared in 
rbons 1, 3, and 5. Free xylose patterns from galactose-labeled berries 


most of the remaining activity in carbons 3 and 5. 


The labeling patterns in the free sugars have been compared with patterns 


obtained in L-ascorbic acid isolated from the same experiments. The 
results obtained provide further support of the view that ascorbic acid 


in 


the strawberry is derived from a metabolic pool of carbohydrate closely | 


related to, if not identical with, glucose 6-phosphate. The galactos | 
incorporation data indicate that this sugar is rapidly converted to glucose 
and that it is utilized as glucose in hexose metabolism. | 


The authors wish to express their thanks to Professor W. Z. Hassid and 


Dr. E. W. Putman of the University of California, Berkeley, for helpful 
discussions, and to Mr. E. F. Jansen for his help and encouragement. 
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The labeling patterns exhibited by L-ascorbic acid,! free glucose, sucrose- 
derived glucose, and free xylose from detached ripening strawberries 
administered glucose-1-C', glucose-2-C™, or galactose-1-C'* have been 
reported in previous papers (1, 2). The present report communicates 
the patterns found in ascorbic acid and other carbohydrate components 
of detached ripening strawberries that had been stem-fed arabinose-1-C™ 
or xylose-1-C™. 


Materials 


Arabinose-1-C™, 1.7 we. per mg., and xylose-1-C™, 1.2 we. per mg» 
were obtained from Dr. H. 8. Isbell, National Bureau of Standards. 

The strawberries used in these experiments were obtained from the 
Gill Tract of the University of California through the kindness of Pro- 
fessor S. Wilheim. 

Analytical grade reagents were employed throughout these experi- 
ments. 


Methods 


Incorporation of C™ Sugars into Strawberries—The method employed 
in labeling the strawberries has already been described (1). 

In Experiment 16 a green berry weighing 11.4 gm. was stem-fed 10.3 
uc. of arabinose-1-C over a 24 hour period, followed by an additional 24 
hours of respiration with the stem in distilled water. At the end of this 
time it had gained 0.5 gm. and was uniformly pink in color. 


* A preliminary report of the results presented in this paper was given at the an- 
nual meeting of the American Society of Biological Chemists at Chicago, Apr., 1957. 

' Hereafter, ascorbic acid will refer to L-ascorbic acid, glucose to p-glucose, galac- 
tose to D-galactose, arabinose to L-arabinose, and xylose to p-xylose unless otherwise 
indicated. 
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In Experiment 17 a green-white berry weighing 6.6 gm. was stem-fed 
8.4 ue. of xylose-1-C™ over a period of 24 hours, followed by an additional 


46 hours of respiration with the stem in distilled water. At the end of this | 


time it had gained 0.4 gm. and was uniformly red in color. 

Separation and Recovery of Berry Components—The procedures used to 
separate and recover the free sugars and ascorbic acid have already been 
described (1, 2). Arabinose was recovered from the 70 per cent ethanol- 
insoluble residue? of the berry by hydrolysis with use of a fungal pectinase, 
Pectinol 100D (3, 4). In Experiment 16, arabinose was recovered from 
the hydrolysis mixture as its diphenylhydrazone (4). In Experiment 17, 
the entire pectinase hydrolysate was deionized by successive passes 
through columns of Dowex 50 (H*) and Dowex 1 (formate), followed by 
paper chromatography of the residual sugar components on Whatman No, 


1 paper with use of ethyl acetate, pyridine, and water (8:2:1) (5). The | 


four sugar components found were identified as galactose, glucose, arabi- 
nose, and xylose. Arabinose was eluted separately from the other sugars 
and diluted with sufficient unlabeled arabinose to effect a fermentative 
degradation as described below. Galacturonic acid, which had remained 
on the Dowex 1 (formate) column, was recovered as a single peak by 
gradient elution with 0.1 N formic acid (6, 7). In Experiment 16, the 
recrystallized sodium calcium galacturonate recovered from the crude 
hydrolysate was also purified by the ion exchange procedure. 
Degradation of Berry Constituents—Ascorbic acid was degraded by the 
method of Horowitz, Doerschuk, and King (8, 9). Glucose was degraded 
with Leuconostoc mesenteroides (10) and the products of fermentation 
were further degraded by the procedure of Katz et al. (11). Xylose and 
arabinose from Experiment 17 were degraded with Lactobacillus pentosus 
(11, 12). Arabinose from Experiment 16 was degraded chemically (3, 4). 
Determination of Radioactivity—The activity of the various berry frae- 
tions and sugar components was estimated by plating aliquots on stain- 
less steel planchets which were counted under a thin window, gas flow 
counter in the Geiger region. Specific activities of purified diluted berry 
constituents and their partial degradation products were obtained by use 
of a persulfate wet combustion technique (13). CQO, from the various 
degradation steps was counted directly as the gas by the method of Ben- 
stein and Ballentine, methane being used as the counting gas (14, 1). 
Activities are reported in counts per minute per mg. of carbon and rep- 
resent approximately 80 per cent of the total C™ disintegrations. 


Results 


Approximately 0.5 we. of CO, was respired by each berry in the course | 


of these experiments. The total amounted to 0.38 and 0.45 mg. of BaC0; 


2 Referred to, hereafter, as ‘‘cell wall’’ constituents. 
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per hour of respiration per gm. of berry (initial fresh weight) in Experi- 
ments 16 and 17, respectively. Both the amount and activity of the re- 
spired CO. were roughly comparable with previous experiments in which 
strawberries were administered glucose-1-C™ (1). 

The specific activities of the strawberry constituents that were degraded 
together with the dilution factors employed are given in Table I. Both 
arabinose and xylose labels were utilized by the strawberry but the dis- 
tribution of C™ differed. Arabinose-1-C“ was converted primarily to 


TABLE I 


Dilution Factors and Specific Activities* of Labeled Constituents from Detached 
Ripening Strawberries Administered C'\-Labeled Pentoses 


| Sugar administered 


t-Arabinose-1-C™ p-Xylose-1-C™ 
Labeled berry constituent | 
Experiment 16 Experiment 17 
| | 

Mractor” | Specific activitys | MHietgr | scetcitye 
L-Asecorbie acid eee ee 4700 69 30,000 
Free p-glucose...... aE 2.3 4,000 
Sucrose-derived b-glucose. . 17.5 65,000 
Free p-xylose. .. ae 32 450 ,000 15.5 370,000 
Cell wall L-arabinose........ .| 25-50¢ | 1 X 10®-2 XK 10*| 50 18,000 
** p-galacturonic acid... 7 200 None 4100 


* Specific activity refers to undiluted activity in counts per minute per mg. of C 
as determined by a gas phase counter (80 per cent efficient). 

t In this particular experiment, the dilution factor only could be estimated, since 
the arabinose present in the pectinase hydrolysate was diluted without appropriate 
assay by 100 mg. of unlabeled arabinose before recovery as its diphenylhydrazone. 
The berries employed in these studies generally contained 2 to 4 mg. of arabinose in 
the 70 per cent ethanol-insoluble fraction. 


free xylose. Xylose-1-C', on the other hand, distributed its label pri- 
marily into the hexose phosphate pool of the berry. This can be readily 
seen in Fig.1. In Experiment 16, only xylose received appreciable amounts 
of C“. A considerable portion of the arabinose was not utilized during 
the 48 hour period of respiration as evidenced by the dark band in the 
arabinose region of the chromatogram. Free arabinose does not normally 
appear in strawberries. The arabinose to xylose conversion is apparently 
not reversible in vivo since there is no evidence of activity in the corres- 
ponding arabinose region of the chromatogram from Experiment 17. Xy- 
lose-1-C™ did, however, enter the hexose phosphate pool, as evidenced by 
the considerable C that was converted to sucrose. Lesser amounts of 


XUM 
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label appeared in the glucose and fructose areas, an observation (2) char- 
acteristic of C™ label that becomes redistributed throughout the hexose 
phosphate pool. Had the arabinose-1-C'-fed berry been allowed to 
respire a longer time, it is likely that the pattern observed in Experiment 
17 would have become superimposed upon that found in Experiment 16, 

According to Table I, it will be seen that a considerable amount of the 
arabinose-1-C™ label was incorporated directly into the cell wall poly. 





Fig. 1. Radioautographs of paper chromatograms of the free sugars of detached 
ripening strawberries after stem-feeding L-arabinose-1-C™ (Experiment 16) and p- 
xylose-1-C™ (Experiment 17), respectively. The various separate bands are identi- 
fied as sucrose (S), glucose (GL), fructose (F), arabinose (A), and xylose (X). 


TABLE II 


Distribution of Activity in Sugars of Cell Wall Polysaccharides from Detached 
Strawberry Administered X ylose-1-C™ 





Sugar component of cell wall polysaccharide Per cent total activity 
p-Giucose + p-gaiactone. .... .. 2... cc cee eee 78 
NIP. SES he aula th bwiele-a Sas ai eav avian ava ekes 18 
NG oka haa eks ced ora Madalse Ge tuwe esate. 4 





saccharides with little or no dilution. Xylose-1-C™ was a relatively poor 
source of label to these polysaccharides, by comparison. The distribution 
of activity among the various sugars obtained from the cell wall poly- 
saccharide in Experiment 17 provides additional evidence that xylose-1-C" 
label is utilized only by the hexose pool and is converted to the pentose 
components of the polysaccharide by this pathway (Table II). Very 
little C™ appeared in the cell wall galacturonic acid although its specific 
activity in the xylose-1-C'-fed berry was significantly greater than in 
the arabinose-1-C'-fed berry. 

In the berry fed xylose-1-C™, the specific activity of ascorbic acid was 
roughly one-half that found for the sucrose-derived glucose. By consider- 
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ing the fact that ascorbic acid is in a higher oxidation state and probably 
further removed from the ultimate hexose pool than sucrose, this difference 
was not surprising. Endogenous dilution of incorporated label un- 
doubtedly occurred and since, in the case of ascorbic acid, there was some 
loss of labeled product as dehydroascorbic acid before final dilution, this 
also could contribute to the lower specific activity of ascorbic acid. The 
much lower specific activity of free glucose was also, in part, explainable 
on the basis of relative endogenous dilution since over 40 mg. of free glucose 
were recovered in this experiment as compared to 11 mg. of sucrose and 4 
mg. of ascorbic acid. Thus, it appears reasonable to assume that ascorbic 
acid and glucose derived their C' from a common hexose pool. The lower 


TaB_e III 
Distribution of Activity in L-Ascorbic Acid Recovered from 
Pentose-1-C'*-Labeled Strawberries 





Sugar administered 


t-Arabinose-1-C™ p-Xylose-1-C™ 
Carbon atom No. | 





Experiment 16 | Experiment 17 


Per cent total activity in molecule 





33 18 


1 

1+ 2 60 53 
3 14 15 
4+5 11 12 
6 15 19 


specific activity of the ascorbic acid from the berry fed L-arabinose-1-C™ 
is in accord with the view that label must reach the hexose pool before 
incorporation into ascorbic acid. It appears probable that the conversion 
of arabinose to xylose was prerequisite to the introduction of label into 
the hexose. The specific activity of the sucrose-derived glucose was not 
determined, but from the radiographs in Fig. 1 it could be estimated 
to be of the same magnitude as the free glucose determined in Experiment 
17. 

The distribution of C'‘ among the carbons of ascorbic acid and glucose 
in Experiments 16 and 17 reveals, in part, the nature of the pathway 
that brings label from the pentoses into the hexose pool. Table III gives 
the randomization pattern in the carbon skeleton of ascorbic acid. Of 
the total activity, 74 per cent was in carbons 1, 2, and 3 of the ascorbic 
acid from the berry fed arabinose-1-C™ while 68 per cent was found in 
the corresponding carbons of the xylose-1-C™ berry. Carbon 2 (by dif- 
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and sucrose-derived glucose from Experiment 17 (Table IV) contained 75 
per cent of their total activities in carbons 1, 2, and 3, of which 50 to 5) 


TaBLeE IV 


Distribution of Activity in Free and Sucrose-Derived Glucose from 
p-X ylose-1-C'4-Labeled Strawberry (Experiment 17) 








| i 
Free glucose | Sucrose-derived glucose 
Carbon atom No. — i See 





Per cent total activity in molecule 





50 51 





1 

2 16 | 18 

3 8 6 

4 10 9 

5 1 1 

6 | 15 15 
TABLE V 


Distribution of Activity in Free Xylose and Cell Wall Arabinose from 
Pentose-1-C'4-Labeled Strawberries 








Sugar administered 


t-Arabinose-1-C™ | p-Xylose-1-C™ 





Carbon atom No. Experiment 16 Experiment 17 


| 
re 


| 
Cell wall 


























Free xylose* | arabinoset Free xylose* pa 
Per cent total activity in molecule 
1 99 | 99.6 | 98.4 15 
2 0. | | 0.3 | 4 
3 0.4 | 0.4 | 0.8 28 
4 0.1 | 0.1 6 
5 0.5 | 0.0 | 0.4 47 


* Degraded with L. pentosus (11, 12). 
{t Degraded chemically (3, 4). 











per cent was in carbon 1 and 16 to 17 per cent in carbon 2. Such patterns 
indicate that both glucose and ascorbic acid were formed from a hexose 
intermediate closely allied with pentose metabolism (see under ‘“Discus- 
sion”). The specific activity of the ascorbic acid from the xylose-1-C" 
berry was of the same order as that observed when glucose-1-C™ was used 
as a source of label (2). Ascorbic acid from the arabinose-1-C" berry 


ference) contained 27 and 35 per cent, respectively. Both free glucose | 
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had less than one-sixth of the activity found in the former but, nevertheless, 
its randomization pattern was similar. 

Table V shows the labeling patterns obtained from free xylose and cell 
wall arabinose after stem-feeding arabinose-1-C™ and xylose-1-C™ to 
detached berries. It will be recalled that, in Experiment 16, arabinose- 
1-C“ was converted primarily to free xylose and cell wall arabinose. As 
seen in Table V, both of these conversions retained the original pattern 
of labeling. In Experiment 17, although little or no randomization oc- 
curred in the free xylose pool of the berry, even after the prolonged respira- 
tion allowed in this experiment, nevertheless, a very considerable redistri- 
bution of label did occur in the cell wall arabinose. The randomization 
was from carbon 1 and into carbons 3 and 5, reminiscent of the free xylose 
patterns obtained from glucose-1-C'-labeled strawberries (2). The 
specific activity data (Table I) and the distribution of activity among the 
cell wall sugar residues (Table II) plus the distribution patterns obtained 
here indicate that arabinose is readily utilized at the pentose level for 
conversion to xylose or cell wall pentose. Xylose, on the other hand, 
must first reenter the hexose phosphate pool of the berry. 


DISCUSSION 


p-Xylulose 5-phosphate has, since its discovery as a metabolic inter- 
mediate in pentose phosphate metabolism (16, 17), come to be regarded 
as an important chemical “intersection” for both pentose and hexose 
metabolism in plants, animals, and bacteria. Enzymatic pathways have 
been elucidated wherein free xylose can be isomerized to p-xylulose and 
phosphorylated (18, 19), converted to p-ribulose 5-phosphate (20, 21), 
and utilized as a source of carbon in carbohydrate metabolism. Other 
pathways, restricted so far to animal sources, can effect the interconversion 
of t-xylulose, xylitol, and p-xylulose and related intermediates such as 
the uronic acids, aldonic acids, and ascorbic acid (22-26). Entry into 
normal pentose phosphate metabolism is provided by the presence of a 
p-xylulose kinase (27). A plant system catalyzing the interconversion 
of xylose 1-phosphate and arabinose 1-phosphate has been described (28). 
Finally, a conversion sequence from arabinose to p-xylulose 5-phosphate 
has been elucidated in bacteria (29-31). 

The exact enzymatic mechanism whereby xylose is incorporated into 
the carbohydrate metabolism of higher plants has not been fully investi- 
gated but that a mechanism does exist is evidenced by the observations 
reported in this paper and by others (32-35). In regard to the straw- 
berry, these facts are now known: (a) Label from xylose-1-C" is converted 
to sucrose, glucose, fructose, ascorbic acid, and cell wall sugar residues 
with a randomization pattern characteristic of pentose phosphate metab- 
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olism (see below). (b) The specific activities and patterns of the 6- 
carbon carbohydrates and related compounds from _pentose-1-C'-feq 
berries suggest a common hexose intermediate. (c) Label from arabinose. 
1-C™ remains in carbon 1 during conversion to free xylose or to cell wall 
arabinose with little or no dilution of the specific activity. (d) Label 
from arabinose-1-C™ is randomized in a manner characteristic of pentose 
phosphate metabolism when it is converted to ascorbic acid but the specific 
activity is very low. With these observations in mind, a fuller discussion 
follows. 

The considerable activity found in carbon 2 of ascorbic acid from pentose- 
1-C™ berries is in contrast to the observation in vitro of the hexose phos- 
phate pattern in pea leaf extracts with ribose 5-phosphate-1-C™ (36) and 
the in vivo experiment in which the cellulose pattern from wheat seedlings 
fed xylose-1-C'* was examined (32). The strawberry experiments are 
long term compared to the ones just cited. Except for carbons 2 and 3, 
the glucose randomization pattern from the xylose-1-C™ berry corresponds 
closely to the wheat seedling experiment (32). A shift of C™ from carbon 
3 to 2 probably occurred in the case of the strawberry. This could come 
about via an oxidative decarboxylation of the predominantly carbon 1- 
and 3-labeled hexose initially formed, giving rise to a carbon 2-labeled 
pentose. The latter, by recycling over the pentose phosphate pathway, 
would accumulate in carbon 2 of the resulting hexose. Assuming that 


ascorbic acid arises from an intermediate closely associated with 6-phos- | 
phogluconate (1, 2, 37), then the lesser percentage of label found in carbon 


1 of ascorbic acid compared to glucose follows as a consequence of this 
cycling process in the berry. Of interest in this connection are discus- 


sions by Wood et al. (38) and Korkes (39) on redistribution of label in the : 


6-phosphogluconate oxidation pathway. An indirect observation, but 
one in accord with the above picture, is the higher percentage of label 
in carbon 2 of ascorbic acid from the xylose-1-C™ berry. If, as seems to 
be the case, arabinose must first be converted to xylose before it enters 
the hexose metabolism of the berry, and since the arabinose-1-C™ berry 


was given only 48 hours of respiration compared to 70 hours for the xylose- , 


1-C™ berry, much less opportunity for recycling of label from carbon 3 to 
carbon 2 in the hexoses was possible in the arabinose-1-C™ berry. 

The observation that glucose-1-C“ is converted by the strawberry to 
ascorbic acid labeled primarily in carbon 1 has prompted a scheme of 
conversion which is described in an earlier paper (1). Essential to this 
scheme is evidence of the participation of glucose 6-phosphate and its 
subsequent oxidation to 6-phosphogluconate or a closely related derivative. 
The results provided by this study are in accord with such a postulate. 
The asymmetric nature of the labeling patterns of both glucose and ascorbic 
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acid from the xylose-1-C™ berry point to hexose 6-phosphate as the key 
intermediate. Although the activity of carbon 5 alone of ascorbic acid 
has not been determined, it appears reasonable from the glucose degradation 
data and from previous degradations with glucose-1-C™- and glucose-2-C"- 
fed berries, to assume that most of the carbon 4 plus 5 activity of ascorbic 
acid is in carbon 4. A further argument in favor of the view that a hexose 
6-phosphate is the ultimate precursor of ascorbic acid is the fact that 
xylose-1 _” was as effective a donor of C™ to the latter as was glucose- 
1-C™. Aberg (40) has found that sucrose, glucose, fructose, mannose, 
galactose, and xylose all had stimulating effects on ascorbic acid for- 
mation in detached green parsley or oat leaves. Qualitatively, his 
observations are most easily interpreted in terms of the common metabolic 
intermediate, hexose 6-phosphate. 

t-Gulonolactone or the corresponding acid has been proposed as a 
key intermediate in ascorbic acid formation in animals (41-43) and L-ga- 
lactonolactone or the corresponding acid has been proposed as a key inter- 
mediate in ascorbic acid formation in plants (41, 44-46). The observation 
that L-gulonolactone, L-galactonolactone, and the related acids are decar- 
boxylated, presumably by way of their 3-keto derivatives has been re- 
ported both in intact animals and animal organ extracts (25, 26, 43, 
47). The decarboxylated product of the above reaction has been iden- 
tified as L-xylulose. As indicated earlier, a pathway exists in animals 
for the conversion of t-xylulose via xylitol to p-xylulose (22, 23). In 
this conversion there is an inversion of the carbon chain. If one were 
to postulate a reversal of this conversion, followed by a carboxylation step 
as a means of explaining incorporation of label from xylose-1-C™ into 
ascorbic acid, the expected result would be a labeling of carbon 6 of ascorbic 
acid. Such is not the case in the strawberry. 

Although this investigation is primarily dedicated to the elucidation 
of ascorbic acid formation in plants, the pentose labeling experiments 
brought to light other interesting facts concerning pentose interconversions 
in the strawberry. The most interesting one is the demonstration that 
arabinose-1-C™ is converted to free xylose in the berry with no randomiza- 
tion of label. An inversion of the hydroxyl about carbon 4 is the only 
net chemical change involved. Neufeld et al. (28) have demonstrated 
the formation of uridine pyrophosphate xylose and uridine pyrophosphate 
arabinose from uridine triphosphate and the respective sugar 1-phosphates 
in the presence of extracts from higher plants. Further, they have shown 
that preparations from mung beans catalyze the interconversion of uridine 
pyrophosphate arabinose and uridine pyrophosphate xylose. An enzy- 
matic process of this nature would explain the observed conversion in vivo 
in strawberries if a means of converting arabinose to arabinose 1-phosphate 
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were known. Such a kinase has not yet been described in higher plants 
but it does not seem unlikely that such an enzyme exists, especially jn 
view of the known reaction of galactokinase which converts galactose to 
galactose 1-phosphate. The presence of an arabinokinase that catalyzes 
the formation of arabinose 1-phosphate would also help explain the rapid 
incorporation of arabinose into the cell wall arabinose. A second pathway 
of arabinose incorporation might occur through t-ribulose, as has beep 
found in certain bacteria (29-31). There have been no reports of 1. 
ribulose in higher plants to the authors knowledge. 

A final observation worth noting is the essentially irreversible nature 
of the arabinose to xylose conversion in vivo. Arabinose-1-C™ label was 
unaltered in the conversion to free xylose or cell wall arabinose. Xylose- 
1-C™, on the other hand, was not converted to free arabinose, and the 
pattern of the small amount of label that did appear in the cell wall arabi- 
nose plus the nature of the C™ distribution into the cell wall sugars indi- 
cates that this label was derived in a secondary fashion from the hexose 
pool and involved a resynthesis of pentose from 2- and 3- carbon units. 


SUMMARY 


Ascorbic acid, free xylose, and arabinose (derived from the cell wall 
polysaccharide), obtained from individual detached ripening strawberries 
stem-fed L-arabinose-1-C™ or p-xylose-1-C™, have been degraded to deter- 
mine the distribution pattern of C“. In addition, free glucose and sucrose- 
derived glucose from the xylose-1-C™ berry were also degraded. Arabinose 





was utilized by the strawberry, primarily by conversion to xylose and by | 


direct incorporation of arabinose into the cell wall polysaccharide. Xy- 
lose on the other hand was utilized by participation in the pentose phos- 
phate metabolism of the berry. The labeling patterns found in the as- 


corbic acid from these berries was characteristic of a pentose phosphate | 


metabolism and provide additional evidence that the formation of ascorbic 
acid in the strawberry involves the participation of glucose 6-phosphate. 


The authors wish to thank Professor W. Z. Hassid and Dr. Elizabeth 
Neufeld for helpful discussions in the course of this work and Dr. J. Stokes 
and Mr. H. Bayne for their assistance in maintaining the bacterial cultures 
employed herein. 
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4). THE CONVERSION OF C"-LABELED SUGARS TO 1L-ASCORBIC 
ACID IN RIPENING STRAWBERRIES 


3, 382 IV. A COMPARATIVE STUDY OF v-GALACTURONIC 
ACID AND t-ASCORBIC ACID FORMATION* 


By FRANK A. LOEWUS, ROSIE JANG, ano C. G. SEEGMILLER 
WITH THE TECHNICAL ASSISTANCE OF WALTER MANN, JR. 
(From the Western Regional Research Laboratory, Western Utilization Research and 


Development Division, Agricultural Research Service, United States 
Department of Agriculture, Albany, California) 


(Received for publication, December 20, 1957) 


The suggestion (1-3) that derivatives of p-galacturonic acid' might 
possibly be intermediate to the formation of ascorbic acid in plants has 
prompted the present investigation, which is a comparative study of 
the labeling patterns of galacturonate and ascorbic acid derived from single, 
detached, ripening strawberries which had been administered glucuronate- 
6-C“, glucuronolactone-6-C™, galactose-1-C™, and sodium bicarbonate-C". 
Ascorbic acid was recovered from the 70 per cent ethanol-soluble fraction 
of the strawberry and galacturonate from the 70 per cent ethanol-insoluble 
fraction as a constituent of the crude hydrolysate after treatment with a 
fungal pectinase. The assumption has been made that processes responsi- 
ble for the formation of galacturonate derived from the cell wall material 
are the same as those required for the formation of a galacturonic acid 
derivative if this compound is intermediate to ascorbic acid biosynthesis. 
i The results of this investigation provide evidence that galacturonic acid, 

or a derivative thereof, is not involved as an intermediate in ascorbic acid 

formation in the strawberry. Glucuronate-6-C™ is converted to ga- 
lacturonate labeled heavily and exclusively in carbon 6. Ascorbic acid 
from the same berry contains an insignificant amount of label (4). Ga- 
lactose-1-C'*-labeled berries yield labeling patterns that support the view 
that no carbon chain inversion occurs in the formation of ascorbic acid 
from galactose, although there is a greater redistribution of C' between 





* Preliminary reports of this work were presented at the 129th meeting of the 
American Chemical Society at Dallas, Apr., 1956, and at the Pacific Slope Biochem- 
ical Conference at Seattle, June, 1956. 

‘Hereafter, galacturonic acid will refer to p-galacturonic acid, galacturonate to 
b-galacturonate, ascorbic acid to L-ascorbic acid, glucuronic acid to p-glucuronic 
acid, glucuronate to p-glucuronate, glucuronolactone to p-glucurono-y-lactone, 


glucose to p-glucose, galactose to p-galactose, arabinose to L-arabinose, and xylose 
to D-xylose. 
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carbons 1 and 6 than was observed in the case of glucose-1-C"-labele 
berries (4, 5). 


Materials 


Sodium glucuronate-6-C™ (0.85 ue. per mg.) and galactose-1-C™ (1) 
uc. per mg.) were obtained from Dr. H. 8S. Isbell, National Bureau oj 
Standards. 

The strawberries used in these experiments were obtained from the Gill 
Tract of the University of California through the kindness of Professor §, 
Wilheim. 

Analytical grade reagents were employed in all experiments. 


Methods 


Incorporation of C''-Labeled Compounds into Strawberries—The methods 
and details employed in labeling the berries in Experiments 4, 11, 12, 16 
and 17 have already been reported (4, 6). 

Experiment 20 was carried out with a green-white berry weighing 98 | 
gm. It was stem-fed 25 ue. of sodium bicarbonate-C™ over a period of 4f 
hours. At the end of this period it was completely pink and had lost 1. 
gm. in weight. 

Experiment 21 was performed with a red berry weighing 12.6 gm. |i 
was stem-fed 25 ue. of sodium bicarbonate-C™ over a period of 46 hours. 
At the end of this period it was red-ripe and had lost 2.4 gm. in weight. 

Separation and Recovery of Berry Constituents—Ascorbic acid was sep- | 
arated and recovered by methods already described (4). Sodium caleium | 
galacturonate was recovered from the enzymatic hydrolysate of the 70 | 
per cent ethanol-insoluble fraction of each berry by using methods already } 
reported (7, 8), except in Experiments 15 and 17, in which the supernatant | 
fluid from the enzymatic digest was freed from cations on a Dowex 5 | 
(H+) column. The effluent was passed through a column of Dowex | | 
(formate), and then treated with a water wash. Galacturonic acid was 
eluted as a single peak with a gradient of 0.1 N formic acid (9, 10) and 
appeared in fractions collected between 200 and 300 ml. A small radio- 
active peak which was not chemically identified but occurred in the eluate | 
fractions characteristic of glucuronic acid (around 300 ml.) appeared in | 
Experiment 15 (galactose-1-C). The galacturonic acid peak was identi- | 
fied in each case by pipetting a small aliquot from each fraction onto 
Whatman 3 MM paper and spraying with an aniline-trichloroacetic acid 
reagent (11) that gave, upon heating, a reddish brown spot that appeared 
dark under ultraviolet light. With the same reagent, glucuronic acid 
would have given a green spot that had a yellow fluorescence under tl- 
traviolet light. In Experiments 11, 16, and 20, the sodium calcium gr 
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jacturonate, recovered and recrystallized from the enzymatic hydrolysate 
of the 70 per cent ethanol-insoluble material, was further purified by gra- 
dient elution from Dowex 1 (formate) as described above. In all of these 
experiments, the radioactivity present in the galacturonate before the ion 
exchange treatment was recovered in the galacturonic acid peak after 
elution and coincided with that peak. 

Degradation and Counting of Radioactive Constituents—Ascorbic acid 
was degraded chemically (12, 13). Galacturonic acid was degraded chemi- 
cally by the procedure of Axelrod, Seegmiller, and coworkers (7, 8). In 
a few experiments, carbon 6 of galacturonic acid was also obtained by 
decarboxylation according to the method of Zweifel and Deuel (14). 

Activities of the crude berry fractions, the isolated constituents, and 
the CO, recovered upon degradation of ascorbic or galacturonic acid 
were measured as reported in another paper (5). All activities obtained 
from the degradation of ascorbic or galacturonic acid are reported in 
counts per minute per mg. of carbon and are approximately equivalent 
to 80 per cent of the total disintegrations of C“. The specific activities 
reported herein and in Papers II and III (5, 6) may be converted to counts 
per minute per millimole of 6-carbon compound on a solid BaCQ; basis 
(7) by multiplying the counts per minute per mg. of carbon by the factor 
14.4 for approximate comparison with the activities reported in Paper I 
of this series (4). 


Results 


Glucuronate-6-C™-Labeled Berries—The experiments which describe the 
administration of glucuronic acid-6-C™ as its salt and as its lactone have 
been reported (4). Experiment 4 (sodium glucuronate-6-C™, stem-fed) 
yielded ascorbic acid with a specific activity of less than 2000 c.p.m. per 
mg. of carbon (corrected to gas phase values employed in this paper). 
Comparable results were obtained in Experiments 11 and 12. The ascorbic 
acid recovered in these three experiments was contaminated with glucuronic 
acid-6-C“, which could be removed only by repeated crystallization, first 
from ethanol-ethyl ether and finally from glacial acetic acid. Upon deg- 
radation (12, 13) of the final crop of ascorbic acid crystals from Experi- 
ment 4 it was found that four-fifths of the activity appeared in the CO, 
fraction representing carbon 3 of ascorbic acid which fraction was obtained 
by decarboxylation of the threonic acid by sodium metaperiodate. CO: 
could also be derived from carbon 6 of any contaminating glucuronic acid- 
6-C" by this procedure and it seems quite likely that this was the case. 
In other words, only a negligible portion of the total activity appeared in 
carbons 1 and 2 or carbon 6 of ascorbic acid (4). 

By way of contrast, the cell wall galacturonic acid was very active, and, 








536 ASCORBIC ACID IN STRAWBERRIES. IV 


as shown in Table I, had all of its activity in carbon 6. There was no 
doubt that the uronic acid recovered in Experiments 4, 11, and 12 from 
the 70 per cent ethanol-insoluble fraction was, in fact, galacturonic acid, 
This was confirmed by subjecting a portion of the galacturonic acid re. 
covered in Experiment 11 to a gradient elution separation on Dowex | 
(formate) with use of 0.1 N formic acid (9, 10). All of the radioactivity 
coincided with the galacturonic acid peak. No radioactivity was found in 
the fractions in which glucuronic acid normally appears. Control studies 
showed that a separation of 50 to 100 ml. of eluate occurred between the 
end of the galacturonic acid peak and the appearance of the glucuronie 


TaBLeE [ 


Distribution of Activity in p-Galacturonic Acid Recovered from Strawberries 
Labeled with p-Glucuronic Acid-6-C' 























} Per cent total activity in 
= Exper- galacturonic acid Calculated specific 
Label administered iment activity of diluted 
0°. | Carbon Cada Cua galacturonic acid* 
1 2, 3,4, 5 6 
c.p.m. per mg. C 
Sodium p-glucuronate-6-C™. . . 4 1 1 98 36,000 
as - ove 1l <1 <1 99 3,000 
Glucuronolactone-6-C™. ...... 12 <i <1 | 99 | 1,400 





* The values reported here represent an undetermined 3- to 6-fold dilution of the 
galacturonic acid present in the cell wall hydrolysate from the strawberry. The 


procedure employed herein was to add 130 gm. of unlabeled galacturonic acid to the | 


crude fungal enzyme hydrolysate and then to recover the acid as its sodium calcium 
salt (7,8). The specific activities listed were calculated from the observed activities 
of the separate degradation fragments. 


acid peak. It is also worth noting that in each experiment galacturonic 
acid was carefully recrystallized several times as its sodium calcium salt 
(15). 

Galactose-1-C''-Labeled Berries—The distribution pattern of C™ in 
ascorbic acid from a single berry (4) revealed that 45 per cent was in carbon 
1, 14 per cent in carbons 2, 3, 4, 5, and 41 per cent in carbon 6. Additional 
studies (Experiments 13 to 15) were run and the results are given in Paper 
II ((5); see Table VIII). In the latter berries (Paper II), between 86 and 
91 per cent of the activity of the ascorbic acid appeared in carbons 1 and 6. 
Carbon 1 alone contained 47 to 67 per cent. The galacturonic acid pat- 
terns from the same berries (Experiments 13 to 15) are given in Table II. 
From 88 to 95 per cent of the activity was found in carbons 1 and 6, of 
which 67 to 72 per cent was in carbon 1. In an earlier experiment (8) in 
which the berry had been allowed to respire for about twice as long a period 
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is no after administering the label, the galacturonic acid was found to contain 61 
from per cent in carbon 1 and 26 per cent in carbon 6. 

acid The above results with galactose-1-C™ clearly indicate that both ga- 
J re. lacturonic acid and ascorbic acid had relatively more C™ in carbon 6 than 
ex | had been observed with comparable glucose-1-C'*-labeled berries (4, 6, 7). 
ivity Further, the randomization between carbons 1 and 6 was more variable and 


1d in 

















di TaBLeE II 
1es ‘ : ia i : - . 
h Distribution of Activity in p-Galacturonic Acid Recovered from Strawberries 
: the Labeled with p-Galactose-1-C™ 
ronie ae es sae (aa iene aaah ace ai 
Per cent total activity in galacturonic acid 
“ . : —_ sneainceentstanieniat Calculated specific activity of 
Experiment No. Carbo galacturonic acid 
, Carbon 1 2 % a's Carbon6 | 
se a te | c.p.m. per mg. C 
13 67 2 | a | 3300* 
~| 14 72 5 | 23 1200* 
cid? | 15 68 7 25 4900T 
— | * Specific activity of diluted sample. See the footnote to Table I. 
-C |  +Undiluted specific activity. 
Tae III 


Activity of Galacturonic Acid Recovered from Strawberries Labeled with 
— Pentose-1-C™ and with NaHC™0; 

















f the le eee 
The _ | os Specific activity of 
Labeled compound administered . 1,| Percent total activity in | ae wot ag. 
» the | nin to berry [Experiment No.| -arbon 6 of galacturonic acid can pone med vo 
ium - 7 | 
ities c.p.m. per mg. C 
. i | 
L-Arabinose-1-C'%. ..... 16 | 16 150* 
p-Xylose-1-C™4.........| 17 | 23 410 
onic | NaHC™Os..............] 20 | 13 | 13* 
“ € | | + 
salt ae Ne ee 21 | | 7 
: * Specific activity of diluted sample. See the footnote to Table I. 
in t Undiluted specific activity. 
bon 


mal | more pronounced in the ascorbic acid, equal labeling between carbons 1 
per and 6 in one experiment (4) being approached. It should be noted that 
and | both the galacturonic and ascorbic acids from these galactose-1-C"-labeled 
16. | berries tended to retain the major portion of label in carbon 1. 

yat- Pentose-1-C'*-Labeled Berries—C™ from arabinose-1-C™ and from xylose- 
II. | 1-C" was only poorly converted to galacturonic acid by the strawberry as 
of | shown in Table III. This was particularly apparent in Experiment 17, 
)in | in which 0.35 mmole of galacturonic acid was recovered without dilution 
iod | from the fungal hydrolysate by ion exchange procedures. The distribution 
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of label was not fully determined because of the low activities encountered 
Carbon 1 of the galacturonic acid from Experiment 16 had about 70 pe 
cent of the total activity. From the amount of C" redistributed int 
carbon 6 (Table III) and the very low specific activities found, it seen 
likely that label from the pentoses first had to reenter the hexose metabo. 
lism of the berry and then become converted to galacturonic acid. Th 
higher specific activities of the hexose constituents, including ascorbic acid 
from these same berries (6) are in accord with this concept. 

Sodium Bicarbonate-C''-Labeled Berries—Two experiments were at. 
temped in which sodium bicarbonate-C™ was stem-fed to detached stray. 
berries, one a green, the other a red-ripe berry. Neither incorporated , 
highly significant amount of label into either ascorbic acid or into galactu.| 
ronic acid. Both citric and malic acids did become highly labeled during] 
the course of these experiments, but little C' appeared in the sugar frae.| 
tion. There was no evidence of a specific exchange of C™ into carbon 6 o 
galacturonic acid from bicarbonate-C™ (Table III). 


DISCUSSION 


Tracer experiments with C™-labeled glucose (4, 5, 12, 13, 16-23) have 
supported numerous earlier reports (see Mapson (24)) that this sugar ora 
closely related metabolic intermediate is the ultimate precursor of ascorbic 
acid in plants and animals. A comparative study of ascorbic acid biosyn- 
thesis in animals and plants by Isherwood, Chen, and Mapson (1) led thes 
workers to the opinion that uronic acid derivatives of glucose or galactose, | 
or both, were intermediate in ascorbic acid formation. In support of this | 
view, they demonstrated the conversion of galacturonic acid derivatives into | 
ascorbic acid with use of plant extracts (2,3). Studies of the biosynthesis } 
of ascorbic acid in the rat with C-labeled intermediates being used (12, 13, | 
16, 21, 23) have provided strong evidence for the existence of such a path- 
way in animals. Non-isotopic experiments by Lehninger and coworkers 
(25-27) have demonstrated that both glucuronic and galacturonic acids | 
can cause a net synthesis of ascorbic acid in the presence of a microsomal 
fraction from rat liver. Cyanide has been reported actually to increase ' 
the yield of ascorbic acid in rat liver extracts (28). 

In the conversion of glucose-1-C™ to ascorbic acid in the rat, the critical 
observation was made (12) that, while the carbon chain remained intact, | 
C™ appeared in ascorbic acid predominantly in carbon 6. An apparent 
inversion of the carbon chain occurred due to oxidation of carbon 6 of 
glucose, with subsequent reduction of carbon 1. When this critical test of 
inversion was applied to plants (4, 17), it was found that no inversion of 
label occurred; that is, ascorbic acid recovered from strawberries or get- 
minating cress seedlings fed glucose-1-C™ contained a major portion of its 
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(“in carbon 1. With this observation, it became difficult to conceive of a 
pathway involving either glucuronic acid or galacturonic acid. Compara- 
tive studies on the strawberry in which glucose-1-C™, glucose-2-C™, 
galactose-1-C™, arabinose-1-C™, xylose-1-C“, glucuronate-6-C™, glucurono- 
lactone-6-C', and bicarbonate-C™ were fed, and from which the labeling 
patterns of the free sugars, ascorbic acid, and galacturonic acid were ob- 
tained (4-6), have provided consistent and convincing support for the 
original observations and for the postulate that glucose 6-phosphate is the 
ultimate precursor of ascorbic acid and that the pathway of formation is 
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Fic. 1. A diagram of metabolic processes in the detached ripening strawberry that 
account for the redistribution of C™ from specifically labeled sugars. The solid ar- 
rows indicate single enzymatic reactions. The dashed arrows indicate multienzy- 
matic pathways or enzymatic reactions not yet fully elucidated. 


closely allied to the hexose portion of the oxidative pathway in the berry 
(4, 29). 

The present study supports this view. While both ascorbic acid and 
galacturonic acid appear to stem from the same ultimate hexose pool, 
there appears to be no close relationship in their metabolic labeling pattern 
outside of this pool. Glucuronate-6-C" is converted to galacturonate with 
complete retention of its asymmetric label at carbon 6. Ascorbic acid from 
the same berry contains an insignificant amount of C™ (4). Galactose- 
1-C is an excellent source of label for both ascorbic acid and galacturonic 
acid. The patterns found suggest that a glucose intermediate is involved. 
Xylose-1-C“ and arabinose-1-C™ are more effective label sources for 
ascorbic acid than for galacturonic acid. These observations are dia- 
grammed in the scheme presented in Fig. 1. Also relevant to this dis- 
cussion is the recent observation of Asselbergs (30) that the light sensi- 
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tivity of ascorbic acid synthesis in apple leaves applies only to certain steps, 
One is tempted, from his data, to assume that these steps are related to the 
formation of glucose phosphate. 

Concerning the enzymatic formation of uronic acid-containing poly. 
saccharides in plants little is yet known. Solms and Hassid (31) have 
reported the isolation of uridine diphosphate glucuronic acid from mung 
bean seedlings and also evidence which suggests uridine diphosphate galac. 


turonic acid. Strominger and Mapson (32) found a uridine diphospho. | 


glucose dehydrogenase in extracts from germinated pea seedlings but no 
evidence for its galactose counterpart. Their suggestion of a separate 
enzyme for the conversion of glucuronic acid to galacturonic acid finds 


experimental support in the results presented in this paper. The present | 


authors have assumed that galacturonic acid was formed before incor. 


poration into the polymer. The possibility existed that carbon 6 oxidation | 


could occur after transglycosidation. This was rendered unlikely by the 
observation that label from glucuronate was incorporated with no randoni- 
zation into cell wall polysaccharide as galacturonic acid. The possibility 
also existed that an exchange of C“O, might occur between carbon 6 of 
glucuronate and galacturonate in the cell wall material since considerable 
CO, was respired by berries fed glucuronate-6-C™ (4). Stem-fed bi- 
carbonate-C' was found to be poorly incorporated into galacturonic acid, 
and, further, only a portion of the label incorporated appeared in carbon 6. 
These observations indicate little likelihood of a significant exchange of the 


carboxyl of galacturonic acid with free or ionized CO2, although exchange 


involving an “activated” carboxyl group has not been eliminated. 


SUMMARY 


A comparative study has been made of the labeling pattern in L-ascorbie 
acid and in cell wall-derived p-galacturonic acid recovered from individual, 
detached ripening strawberries administered p-glucuronate-6-C", p- 
glucuronolactone-6-C", p-galactose-1-C™, p-xylose-1-C™, L-arabinose-1-C", 
and NaHC*O;. p-Glucuronate-6-C™ and its lactone furnished signif- 
cant amounts of C™ to galacturonic acid, almost exclusively in carbon 6. 
p-Galactose-1-C™ was a source of label to both ascorbic acid and to galac- 
turonic acid. The major portion of the C™ incorporated in both constit- 
uents appeared in carbon 1. There was little or no significant exchange 
of C™ from NaHCO; into carbon 6 of galacturonic acid. 
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DETERMINATION OF DEHYDROEPIANDROSTERONE 
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The first method for the determination of dehydroepiandrosterone 
(DHEA) in blood plasma was published by Migeon (1). 

To follow variations of DHEA in the blood within a rather short period, 
it seemed desirable to reduce not only the time necessary for one analysis, 
but also the volume of plasma needed for this procedure. Furthermore, 
by using the method of Migeon, our recoveries of added Na DHEA sulfate 
did not exceed 65 per cent. The losses might be attributed in part to vari- 
ations in the activity of Florisil (2). Also, as found during our experi- 
ments, the precipitation of proteins by means of ethanol leads to losses as 
high as 25 per cent of DHEA due to coprecipitation of the steroid con- 
jugates. Hence, to avoid these difficulties, another procedure was devel- 
oped which comprised the following steps: (1) precipitation of protein with 
ethanol (EtOH); (2) acid hydrolysis of EtOH extract and protein precipi- 
tate; (3) extraction; (4) distribution between 80 per cent MeOH and 10 
per cent ethyl acetate (EtOAc) in hexane; (5) concentration of extract on 
paper strips; (6) descending chromatography; (7) elution of DHEA; (8) 
Zimmermann reaction. 


Methods 


Precipitation of Protein—10 ml. of plasma are shaken with 20 ml. of 
EtOH in a 50 ml. centrifuge tube. After centrifugation, the extract is 
transferred into a second centrifuge tube and the residue submitted to two 
similar extractions with 5 ml. of EtOH each. The combined extracts are 
kept at —15° overnight, centrifuged in the cold, and the supernatant solu- 
tion is transferred into a third centrifuge tube (3). The fatty residue is 
washed with 5 ml. of ice-cold EtOH and added to the precipitated material, 
5 ml. of a 0.1 N acetate buffer being used (pH 5.5). The EtOH extract 
and the wash are combined and evaporated to dryness in vacuo in a water 
bath of 45°. 


Acid Hydrolysis of EtOH Extract and Protein Precipitate—To the residue 


*This study was made possible by grant No. CRT Y-5000 and No. CY-3197 from 
the National Cancer Institute, National Institutes of Health, United States Public 
Health Service, Bethesda, Maryland. 
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from the EtOH extract/5 ml. of water and 1.5 ml. of concentrated H,S80, 
are added. Likewise, 15 ml. of the buffer solution are pipetted on to the 
combined precipitates and 1.5 ml. of concentrated H.SO, are added. Both 
centrifuge tubes are kept in a boiling water bath (+92°) for 45 minutes and 
subsequently cooled. 

Extraction—Both samples are shaken with 10 ml. of EtOAc, centrifuged, 
and the upper layers transferred into other centrifuge tubes by means of 
a pipette. This procedure is repeated twice. The aqueous phases may 
be discarded. The extracts are then reduced to approximately 10 ml. each 
and combined in one of the tubes. The EtOAc solution is washed once 
with 10 ml. of 1 n NaOH and three times with 8.5 ml. of H.O. Each 
time the stoppered centrifuge tube is thoroughly shaken, centrifuged, and 
the lower layer transferred into another centrifuge tube by means of a 


serum lifter (2). The combined washings are reextracted with 10 ml. of | 


EtOAc. The lower layer is discarded, whereas the EtOAc extract of the 
washings is extracted with 10 ml. of H,O and added to the original EtOAc 
extract, which is then evaporated to dryness in vacuo at 45° bath temper- 
ature. 

Distribution between 80 Per Cent Methanol and 10 Per Cent Ethyl Ae. 
tate in Hexane—The residue is distributed between 10 ml. of MeOH-H,0 
(8:2 v/v) and 10 ml. of EtOAc-hexane (1:9 v/v). After shaking, centrif- 
ugation, and removal of the upper layer, this extraction is repeated twice, 
The combined EtOAc-hexane extracts may be reextracted with 10 ml. of 
MeOH-H;0 (8:2 v/v). The MeOH-H.O solution is dried in vacuo at 
45°. 





Concentration of Extract on Paper Strips—The residue is dissolved in | 


MeOH chloroform (1:1 v/v) and applied to a paper strip on which it is col- | 


lected at the upper tip by means of ascending chromatography with ben- 
zene: MeOH (9:1 v/v), essentially as described in a previous paper (3). 
Descending Chromatography—The tip of the concentration strip con- 
taining the extract is cut off and inserted into the corresponding cuts in 
an impregnated paper strip (4). For impregnation, a mixture of formamide 
and MeOH (1:1 v/v) is used. The chromatogram is developed with 


hexane-benzene (1:1 v/v), saturated with formamide. With every chro- | 


matogram 40 y of DHEA are run alongside as a reference standard. The 
Ry values of DHEA usually lie between 0.6 and 0.7. After chromatography 
the paper strips should be completely dried because any formamide r- 
maining will interfere with the subsequent Zimmermann reaction. Instead 
of formamide-hexane-benzene, the solvent system propylene glycol-methy! 
cyclohexane may be used for separation of DHEA from all other 17-keto 
steroids occurring in plasma. 

Elution of DHEA—The area containing DHEA, as determined from the 
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reference strip, is cut out and extracted three times with 2 ml. of MeOH 
each time. The combined extracts are evaporated to dryness at 45° bath 
temperature in a stoppered centrifuge tube. 

Zimmermann Reaction—The MeOH residue is dissolved in 0.2 ml. of 
EtOH and the determination is carried out as described by Migeon (1). 
Then 0.2 ml. of 1 per cent m-dinitrobenzene in EtOH and 0.2 ml. of 2.5 nN 
KOH in EtOH (freshly prepared) are added and the stoppered centrifuge 
tube incubated in the dark at 25° for 90 minutes. After incubation, 0.6 
ml. of CHCl; and 0.5 ml. of H,O are added. The tube is shaken, centri- 
fuged, and the lower layer transferred into a microcuvette (total capacity 
0.5 ml.). 


Results 


Of the various steps involved in the procedure, the first two seem to 
remove most of the contaminating fatty material, which later on might 
interfere with the paper chromatographic technique. Such interference 
is marked if whole plasma is subjected to hydrolysis with 0.1 volume of 
concentrated H.SO,. It did not occur, however, when the ethanolic ex- 
tract of plasma and the precipitated material were hydrolyzed separately. 

To find the most efficient hydrolysis for the DHEA conjugates in plasma, 
continuous extraction at pH 0.5 as well as enzymatic hydrolysis with use 
of different enzymes were tried. The values of DHEA obtained, in no 
ease, exceeded those achieved by acid hydrolysis (Table I). These experi- 
ments are suggestive of DHEA conjugates in human plasma other than 
sulfates and glucuronides. 

Recently we have been able to demonstrate that, of the total acid-hydro- 
lyzable DHEA in human blood plasma, about 10 per cent can be liberated 
by 6-glucuronidase (obtained from Warner-Chilcott Laboratories), 40 to 50 
per cent by acid or alkaline phosphatases (obtained from Worthington 
Biochemical Corporation), and the remaining plasma DHEA by proteolytic 
enzymes. None of these steroid complexes nor DHEA sulfate has yet 
been isolated and identified from human plasma (to be published). 

To check the method, different amounts of Na DHEA sulfate were added 
to 10 ml. samples of artificial plasma (prepared from dried human plasma 
proteins) and submitted to the procedure. The recovery of added DHEA 
amounts to approximately 80 per cent (Table II). By employing the 
method of Migeon, recoveries of 45 to 63 per cent were obtained on the 
same amount of Na DHEA sulfate. With Table I as a criterion, the 
consistency of results on duplicate plasma samples is satisfactory. 

By the present method the average level of DHEA in the plasma of nor- 
mal adults was found to be 57.5 + 10.5 y per 100 ml. The individual 
values are compiled in Table III. The first ten values were obtained by 
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TABLE [| 


Plasma Levels of DHEA (Micrograms per 100 MI. of Blood Plasma) after Differen 
Types of Hydrolysis 


ge aoe | Hydrolysis DHEA 

Y 
1 8-Glucuronidase (20,000 i.u.), pH 4.7* 9.7) 

7.4 
Glusulase (20,000 i.u. 8-glucuronidase and 46,000 30.7\| 
units sulfatase), pH 6.1t 29.6 
Acid 48 .1\ 
41.3 
“ 2 Glusulase (20,000 i.u. 8-glucuronidase and 46,000 45.9) 
- units sulfatase), pH 6.1 50.7 
c Acid 71.6) 
e 68.0 
: 3 Glusulase (20,000 i.u. 8-glucuronidase and 46,000 45.4| 
4 units sulfatase), pH 6.1 44.3 
” 37.8 
. 40.2> 
. 42.7 
‘ 42.7 
: 48.7 
1 Acid 81.3 
| 83.0/ 


' { 








* Obtained from Warner-Chilcott Laboratories, Morris Plains, New Jersey. 


t Obtained from Endo Products, Inc., Richmond Hill, New York; the braces indi- i 


cate duplicate plasma samples. 


TABLE II 


Recovery of Different Amounts of Na DHEA Sulfate, Added to Artificial Plasma and 


Then Taken through Total Procedure 
Absorbancy at 
Added Na DHEA sulfate ia | i DHEA recovery 
520 my* 


440 mu 520 mu 600 mu Peon 





¥ per cent 
1 0.097 0.102 0.092 0.015 70 
5 0.110 | 0.154 0.112 0.086 81 
10 0.212 0.287 | 0.201 0.161 76 
20 0.195 0.354 | 0.162 0.351 82 
Standard 14.4 y DHEA.. 0.173 0.397 | 0.207 |0.414 = 0.02875 per y DHEA 





* Twice the readings at 520 my less the sum of the readings at 440 and 600 my (12). 
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separately processing the plasma precipitate and the ethanol extract. It 
can be seen that approximately 25 per cent of the total amount of DHEA 
in 10 ml. of plasma is present in the precipitated fraction. 

Compared to an average level of 57.5 y per 100 ml. of plasma in the nor- 
mal adult, the plasma of a hypoadrenal subject which contained 1.5 y of 
17-hydroxycorticosteroids per 100 ml. had a concentration of 9.5 y of 
DHEA per 100 ml. In anadult female suffering from Cushing’s syndrome, 


TABLE III 
Levels of DHEA in Plasma from Normal Human Subjects 
Values are expressed in micrograms per ml. 








Sex Precipitate Ethanol extract Total 


Subject No. | 
1 | Male 15.7 49.4 65.1 
: e 20.0 51.7 71.7 
3 | « 23.0 43.5 66.5 
i Gee 2.2 40.9 | 43.1 
5 | ve 23.3 38.5 | 61.8 
6 ee 16.8 43.4 60.2 
7 a 16.7 44.4 | 61.1 
8 se 10.9 46.6 | 57.5 
9 “ 12.5 39.4 51.9 
10 | as 5.9 | 50.6 | 56.5 
11 a. | | 57.8 
12 “ | 55.2 
13 } o« | | 81.1 
14 | | 63.9 
15 Female 42.1 
16 | « 52.2 
7 | 5 | 40.2 
18 « 47.0 
Average . . 15.0 + 4.8* 44.844.7* | 57.5 


+ 10.5* 








* Standard deviation. 


values of 88.7 y of DHEA per 100 ml. plasma and 36 y of 17-hydroxycorti- 
costeroids per 100 ml. of plasma were found. 


DISCUSSION 


Various methods have been published for the detection of 17-ketosteroids 
in plasma (5-7). The only method dealing with the estimation of individ- 
ual compounds, e.g. DHEA and androsterone-etiocholanolone (1), requires 
25ml.of plasma. Also, in our hands, this method did not give as consistent 
recoveries of added Na DHEA sulfate as the procedure here described. 
Variations in recoveries, especially when dealing with small amounts of 
steroids (8, 9), may be ascribed to the use of Florisil columns (10). 
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The present method requires only 10 ml. of plasma. This permits the 
performance of more physiologic experiments. Although the procedure de. 
scribed extends over a period of approximately 4 days, there is ample time 
for a single individual, if the work is carefully planned and coordinated, to 
handle eight to ten samples at one time. 


The average values of plasma DHEA in normal subjects are approxi- 


mately 40 per cent above those published by Migeon. This may be ae. 


counted for in part by the fact that in our method the ethanol precipitate | 


is included. The lower limit of the assay lies at 0.5 y DHEA in 10 ml. of 
plasma. Reasonably accurate results can thus be obtained in plasma sam- 
ples containing from 5 to 200 y of DHEA per 100 ml. (Table II). The 
use of a more sensitive Zimmermann reaction, as developed by Wendland 
and Lohmann (11), should increase the sensitivity of this method. The 
Zimmermann color has always to be checked by reading the samples at 
440, 520, and 600 mz. Samples without maximal absorbancy at 520 m 
should be viewed with reserve. 


The authors wish to thank Dr. Leo T. Samuels for his advice and perti- 
nent criticisms during the process of this study. 


SUMMARY 


A method has been described by which adequate determination of de- 
hydroepiandrosterone can be performed on 10 ml. of plasma. It was found 
that extraction of blood plasma with ethanol led to loss of dehydroepi- 
androsterone on the protein precipitate. This could be recovered by ap- 
propriate hydrolysis and extraction. In the normal man, an average of 
57.5 + 10.5 y of this steroid per 100 ml. of plasma has been found. 
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PROPERTIES OF CRYSTALLINE PHOSPHORYLASE b* 


By ALAN B. KENT,} EDWIN G. KREBS, anp EDMOND H. FISCHER 


(From the Department of Biochemistry, University of Washington, 
Seattle, Washington) 


(Received for publication, November 4, 1957) 


An earlier paper (1) describes the purification of rabbit skeletal muscle 
phosphorylase b and its crystallization in the presence of magnesium ions 
and AMP.! The present report deals with various properties of the 
enzyme, including the role of metals and nucleotides in its crystallization, 
and with the presence of PLP in the isolated protein. This substance was 
isolated and characterized spectrophotometrically, but, before final identifi- 
cation had been achieved, the finding of PLP in phosphorylase was an- 
nounced by another laboratory.2 Cat muscle phosphorylase has been 
purified and found to contain PLP in an amount per unit of enzyme ac- 
tivity equal to that present in the rabbit muscle enzyme. Preliminary 
observations relating to the mode of binding of PLP to phosphorylase are 
reported. 


Materials and Methods 


The phosphorylase b utilized in this study was purified and crystallized 
as described in the preceding paper (1). When necessary, it was freed of 
AMP by passage through a Norit column (1). The ATP, ADP, AMP, 
ITP, IDP, IMP, GMP, UMP, and CMP used were purchased from the 
Pabst Laboratories, Milwaukee, Wisconsin. PLP was purchased from 
the California Foundation for Biochemical Research, Los Angeles, Cali- 
fornia. All metal salts were used as the acetate, except ferrous ammonium 
sulfate. 


* Supported in part by the Initiative 171 Fund of the State of Washington and by 
aresearch grant (A-859) from the National Institutes of Health, United States Pub- 
lic Health Service. 

t Public Health Service Research Fellow of the National Heart Institute. 

1 Abbreviations used in this paper are the following: AMP, ADP, and ATP, ade- 
nosine 5’-mono-, 5’-di-, and 5’-triphosphate; IMP, IDP, and ITP, inosine 5’-mono-, 
¥-di-, and 5’-triphosphate; GMP, guanosine 5’-monophosphate; UMP, uridine 5’- 
phosmonophate; CMP, cytidine 5’-monophosphate; PLP, pyridoxal 5’-phosphate. 

* Private communication from Dr. Carl Cori; also Baranowski et al. (2). During 
the writing of this paper, a second report appeared indicating a relationship between 
phosphorylase activity and PLP (3). The presence of a vitamin Bg derivative in 
muscle phosphorylase had been reported earlier by Velick and Wicks (4), though 
these authors indicated that the material could be partially removed by repeated 
recrystallizations. 
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Paper electrophoresis experiments were run in a Spinco, model R, series 





C cell and in a high voltage (1500 volts) apparatus described by Ryle 
et al. (5). The buffers used were pyridine-acetic acid, pH 3.6 and 6.5 (5), 
and sodium acetate-acetic acid, pH 4.8, u = 0.1. 

Ultracentrifuge studies were carried out by using the Spinco model — 
instrument. Spectrophotometric studies were made with either the Beck. 
man model DU spectrophotometer or the Cary recording spectropho- 
tometer, model 11-M. Phosphorylase activities were determined by the | 
method of Cori et al. (6). The concentration of the enzyme was determined 
spectrophotometrically at 280 my by using a coefficient of 11.7 for a 1 per | 
cent solution of protein (4). 


Results 


Conditions for Crystallization of Phosphorylase b 


Cysteine Requirement—Phosphorylase b was found to require 10~ y 
cysteine for crystallization in addition to divalent metal and AMP, except 
when the protein had been freshly removed from the presence of cysteine 
prior to attempting crystallization. In the absence of cysteine the enzyme 
stayed in solution. 

Concentrations of Mg** and AMP—The effectiveness of varying con- 
centrations of Mgt* and AMP in promoting the crystallization of phos- 
phorylase b from a 1 per cent solution of the protein was determined. 
Solutions were made up at 25° in the presence of 0.02 m cysteine and 
were then cooled to 0°. After 48 hours the mixtures were centrifuged in 
the cold, and the partition of enzyme between the supernatant solutions 
and pellets was determined by activity measurements. Approximately 95 





per cent of the enzyme crystallized at 10-? m Mgt+ with AMP concentra- | 
tions in the range of 10-* to 10-2 m. Higher Mg++ concentrations were | 


less effective, and at 10-* m Mg++ no crystallization took place. 


Metal and Nucleotide Specificity—A number of divalent metal ions other | 


than Mg** were found to be effective in the crystallization of phosphoryl- 
ase b. In an experiment with 12.5 mg. per ml. of enzyme, 0.02 m cys- 
teine, pH 7.2, and 1 X 10-*m AMP, the following metal ions were tested 
at 1 X10-* m: Cat, Sr*, Ba**, Mn*+, Fet+, Cut+, Cot, Nit, Znt, Cd*, 
and Cr*+**+, On incubation at 0°, crystallization occurred with the first 
six of these. Amorphous precipitate formed with Fe++, Cut+, Nit, Zn*, 
and Cd++; however, in the case of Fe++ and Cutt, microscopically vis- 
ible crystals were also present. 

The specificity of nucleotides and related substances was tested at 
10-* m concentration under the same conditions as above in the presence of 
10> m Mg**. The following compounds were used: AMP, ADP, ATP, 











IMP, 
GMP, 
nucleot 
CMP, 
AMP | 
raises 1 
tides 0 
tide. 
UMP 
Ultr 
Mgt+ 
phosp! 
twice | 
lizes I 
which 
that 1 
conste 
indica 
In th 
could 
enon | 
The 
legenc 
cryste 
ture t 
Fig. 1 
pH 6. 
Th 
closel 
Wher 
AMP 
and . 
prese 
At 1 
GMI 
coulc 
give 














erles | 
Ryle 


(5), 


el E 
eck- 
pho- 
the | 
ined 


cept 
eine 
yme 


con- 
hos- 
ned, 
and 





d in 


ions | 
y 9} 
tra- | 
vere | 


ther 
wryl- 
cys- 
sted 
d+, 
first 
n+, 


vis- 


| at 
e of 








A. B. KENT, E. G. KREBS, AND E. H. FISCHER 551 


IMP, IDP, ITP, 3’-AMP, adenosine, adenine, inosine, hypoxanthine, 
GMP, CMP, UMP, riboflavin 5’-phosphate, and diphosphopyridine 
nucleotide. Crystallization occurred with AMP, ADP, IMP, GMP, 
CMP, and UMP. The effectiveness of relatively low concentrations of 
AMP (see below) in bringing about the crystallization of phosphorylase b 
raises the question whether or not crystallization in the presence of nucleo- 
tides other than AMP might be due to trace contamination by this nucleo- 
tide. Indeed, crystallization did not occur with IMP, GMP, CMP, and 
UMP when tested at 10-* m. 

Ultracentrifuge Study of Crystalline Phosphorylase b—In the absence of 
Mg*t+ and AMP, phosphorylase b is soluble at lower temperatures, whereas 
phosphorylase a, which has been shown by Keller and Cori (7) to have 
twice the molecular size of phosphorylase b, is quite insoluble and crystal- 
lizes readily. The molecular size of phosphorylase b under conditions 
which promote its crystallization was therefore investigated. It was found 
that in the presence of cysteine, Mg++, and AMP, the sedimentation 
constant of phosphorylase b changed from 820. = 8.4 tO S20. = 13.0, 
indicating that a dimerization of the protein molecule had occurred.’ 
In the absence of any one of these three components, no dimerization 
could be observed.‘ Various factors influencing the dimerization phenom- 
enon were investigated with enzyme recrystallized several times. 

The conditions for the experiments usually followed those given in the 
legend for Fig. 1. In order to avoid temperatures at which the enzyme 
crystallizes readily, most of the work was done at 15°; above this tempera- 
ture the extent of dimerization begins to diminish appreciably, as shown in 
Fig.1. No effect of pH on the extent of dimerization was observed between 
pH 6.5 and 9.0. 

The requirements for the dimerization reaction were found to correspond 
closely to those, presented above, for the crystallization of the enzyme. 
When dialyzed enzyme was used, no significant dimerization occurred with 
AMP and Mg?** at concentrations of cysteine below 0.01 mM. Cat+, Mnt*, 
and Fe++ were as effective as Mg++ in promoting dimerization in the 
presence of cysteine and AMP, while Ni*+*+ and Cr+** were ineffective. 
At 15° no dimerization was found when AMP was replaced by IMP, 
GMP, CMP, or UMP, but significant amounts (5 to 10 per cent) of dimer 
could be demonstrated at lower temperatures. However, 3’-AMP did not 
give a dimer under these conditions. 


‘Not extrapolated to zero protein concentration. Values of $20,. = 8.2 and 13.2 
have been reported for phosphorylase b and a, respectively (7). 

‘Phosphorylase 6 itself has been shown by Madsen and Cori (8) to consist of two 
subunits of molecular weight of approximately 125,000; hence, phosphorylase a is in 
reality atetramer. In this paper, however, ‘‘dimerization”’ refers to the association 
of 2 phosphorylase b molecules. 
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Binding of AMP and Metal in Phosphorylase b Crystals 


It was of interest to determine whether AMP participated in the for. 
mation of the crystal lattice on a stoichiometric basis with the protein 
molecule. Nucleotide-free phosphorylase b (1), recrystallized several times, 
was incubated at 0° in the presence of Mg** and cysteine with varying 
concentrations of AMP extending to a lower order of magnitude than ip 
the experiments described above; the molar ratio of nucleotide to the 
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Fig. 1. Effect of temperature on the dimerization of phosphorylase b. Concen- 
tration of protein, 10 mg. per ml.; 0.03 m glycerophosphate-0.03 M cysteine buffer, 
pH 7.2, in the presence of 10-? m Mg** and 10°? m AMP. The final ionic strength 
was about 0.10. The percentage of dimerization was estimated by ultracentrifuga- 
tion from the relative areas of the two components. 

Fig. 2. Binding of AMP in phosphorylase 6 crystals. The incubation mixtures 
contained 10 mg. per ml. (4 X 10-5 M) of enzyme, 0.02 m cysteine, pH 7.2, 0.01 m mag- 
nesium acetate, and AMP in the indicated amounts. After 24 to 48 hours on ice, 
the crystal suspensions were centrifuged at 0°, and AMP and phosphorylase were de- 
termined either on the supernatant solutions (©) or in the crystalline pellet (@). 
For the determinations at high initial AMP-phosphorylase b ratios, the crystals were 
washed with water at 0°. 


enzyme ranged from 28 to 0.5. Crystallization occurred in all cases 
without seeding, although it was noticeably lighter at the lowest AMP 
concentration. The amount of AMP and protein in the crystals was 
determined spectrophotometrically, either by the amount removed from 
the supernatant solutions obtained on centrifugation or by direct analyses 
of the crystalline precipitates with appropriate corrections for supernatant 
solution retained by the crystals. The results are shown in Fig. 2. It can 
be seen that 2 moles of AMP per mole of phosphorylase b were present in 
the crystals, although at very low AMP concentrations somewhat less was 
found. 

An attempt was made to determine the quantity of metal bound specifi- 
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cally in phosphorylase b crystals. Enzyme crystallized five times was 
freed of contaminating metals by dialysis against ethylenediaminetetra- 
acetate, then twice recrystallized in the presence of Ca**Cl.. The crystals 
were centrifuged and washed by resuspension in a 0.01 m solution of un- 
labeled calcium chloride. It was found that 1.9 gm. atoms of Ca++ were 
bound per mole of phosphorylase b; this value should be regarded as 
approximate, owing to the uncertainties involved in the experimental 


method. 





1.07 
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OPTICAL DENSITY 











250 300 350 400 
my 
Fig. 3. Ultraviolet absorption spectrum of phosphorylase b. Concentration of 
protein, 0.95 mg. per ml.; 0.05 m phosphate buffer, pH 7.0. 


Absorption Spectrum of Phosphorylase b and Presence of PLP in Enzyme 


Concentrated solutions of phosphorylase b show a marked yellow color 
which is intensified upon addition of base, and the resulting solution dis- 
plays a pronounced yellow-orange fluorescence under ultraviolet irradiation. 
When phosphorylase 6 solutions are acidified, a brilliant yellow color ap- 
pears, which disappears in about 10 minutes at room temperature if the 
pH is below 2.5. The absorption spectrum of nucleotide-free phosphory]- 
ase b, crystallized four times, at neutrality is given in Fig. 3. The enzyme 
shows a protein maximum at 279 my and a second peak at 333 my. This 
latter peak is observed at all stages of the purification of the enzyme; the 
ratio of the absorption at 333 my to that at 279 my reaches a value of 0.043 
after one crystallization and remains constant through repeated crystal- 
lzations. A very small peak, visible only when the spectrum is measured 
at a very high concentration of the enzyme, is present at 415 my; this will 
be discussed in a later section. 

The material responsible for the observed color and spectral characteris- 





Thil f 


eerMisiri fbi 1 TVA 





‘ 


i 


~ oo 


554 PROPERTIES OF PHOSPHORYLASE 0 


tics was released from the enzyme with acid and isolated by high voltage 
paper electrophoresis (pH 3.6) and descending chromatography in the 
formic acid system (9). In confirmation of the results of Baranowski et al, 
(2), it was identified’ as PLP. No evidence could be obtained for the 
presence of pyridoxamine, pyridoxamine phosphate, pyridoxal, or py- 
ridoxine at any stage in the purification. The amount of PLP found in 
ten different crystalline samples of phosphorylase b, calculated (9) by the 
extinction at 295 my (pH 1.2) and at 388 my (0.1 nN NaOH) on a 03 y 
perchloric acid supernatant solution of the protein, corresponded to 24 
to 2.5 moles per mole of phosphorylase b, which is somewhat higher than 
the stoichiometric number of 2 reported by Baranowski et al. (2). The 
same value was calculated from direct phosphate analysis of the protein, 
In the acid supernatant solution obtained from a sample of partially puri- 
fied cat muscle phosphorylase b (specific activity = 870 units per mg.), an 
amount of PLP was found equivalent to that which would be expected for 
the same amount of rabbit muscle enzyme at the same degree of purity. 


Binding of PLP in Phosphorylase b 


An attempt has been made to obtain information relating to the bind- 
ing of PLP in phosphorylase b by studying the absorption spectrum of the 
enzyme in the near ultraviolet and visible regions at various pH values 
(Figs. 4, A and 4, B). HCl or KOH solutions were added with rapid 
mixing to concentrated solutions of the protein, the titrations starting in 
ach case at pH 7.4. Despite the high concentration of protein used, no 
difficulties with insolubility were encountered in the forward titrations, 
except in the isoelectric range from pH 5.5 to 6.5. No reversal of the 
major spectral changes, accurring above pH 9.6 or below pH 5, could be 
demonstrated; however, the énzyme is unstable beyond these extremes, 
and the solutions readjusted to neutrality became opalescent. 

As can be seen, only slight changes in the absorption spectrum of phos- 
phorylase b occur between pH 5.0 and 9.5, the range of stability of the 
enzyme. The major peak in this region of the spectrum is located at 333 
my, and a small peak of questionable significance in regard to unaltered or 
native phosphorylase (see below) is present at 415 my. . This latter peak 
increases with the age, and eventual loss of activity, of enzyme preparations 
and has been observed to be as low as 8 per cent of the value of the peak 
at 333 my in very fresh preparations and as high as 30 per cent with old 


5 Identification was based on absorption characteristics at various pH values, 
electrophoretic migration, chromatographic behavior in butanol-acetic acid-water, 
4:1:5, and in the formic acid system (9), phosphate analysis, and by testing with 
Streptococcus faecalis tyrosine apodecarboxylase. (For this latter test we are in- 
debted to Dr. Esmond E. Snell and Dr. Victor Rodwell.) 
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‘age | enzyme. The occurrence of the peak at 415 my does not seem to be di- 
the rectly concerned with the state of oxidation or reduction of the protein, 
tal.' as indicated by experiments involving incubation with cysteine and po- 
the tassium ferricyanide. 

py- On acid treatment of phosphorylase (Fig. 4, A) a marked increase in 
1in | absorption at 415 my occurs as the protein is titrated to pH 4. This change 
the | js accompanied by a corresponding lowering of the peak at 333 my with 







































3M the occurrence of a fairly sharp isosbestic point at 357 mp. Below pH 4 
24 the peak at 415 my decreases markedly, indicating a further change related 
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y me Fig. 4. Absorption spectrum of phosphorylase b titrated to low (A) and high (B) 
‘ons, pH values. Protein solution, 28 mg. per ml. of dialyzed, four times crystallized, 
the AMP-free phosphorylase b. Acid or base was added at 0°, and the spectra were de- 
d be j termined at room temperature (Cary spectrophotometer). The changes in volume 
mes, | during titration were negligible; pH values were measured with the glass electrode 

after each run. 

hos- to the known release of PLP that occurs in strong acid. These spectral 
the changes explain clearly the transient appearance of a yellow color that is 
333 seen when phosphorylase solutions are acidified as noted in an earlier 
dor | setion of this paper. 
peak Titration of the enzyme into the alkaline range causes a disappearance 
ons of the peak at 333 my and a continuous rise of the peak at 415 my correlated 
— with a shift of the maximum to 388 my at pH 12.2. The material giving 


rise to the peak at 388 mu was separated from the protein by dialysis against 
ues, 0.02 M potassium carbonate and identified as free PLP. At pH 10.8 a 


Be peak at about 400 my is obtained, which appears to represent a composite 
2 re of absorptions due to free PLP and a material absorbing at 408 mu. The 


contribution of the latter is found to be as high as 90 per cent initially 





XUM 








esr@iain Abi 1 TPA 


r% 
t 


Thi: 


~~ 


PROPERTIES OF PHOSPHORYLASE b 


upon adjustment to this pH, but this value decreases in a few minutes 
to a stable level of 60 to 70 per cent. This was determined by subtracting 
the spectrum of free PLP from the composite spectrum.*® 


DISCUSSION 


The ultracentrifuge study reported in this paper shows that a dimer 





of phosphorylase b is formed under the conditions required for crystalliza. | 
tion of the enzyme, i.e. the presence of cysteine, AMP, and a divalent | 


metal. It is, therefore, probable that dimerization is the determining factor 
in the crystallization, by making possible the construction of an ordered 
crystal lattice. It appears that, in order for the dimer to crystallize, ap 
excess of divalent metal beyond that required to form the dimer must be 
present to lower its solubility. This is indicated by the fact that dimeriza- 
tion is observed in the ultracentrifuge at concentrations of metals (107 y) 
at which no crystallization can be demonstrated. 

The determination of binding of the AMP in phosphorylase b crystals 
has shown that a di-AMP complex of the enzyme is the unit which forms 
the dimer. This is consistent with the report of Madsen and Cori (10 
that phosphorylase b binds 2 moles of AMP. Although the crystallization 
requires a divalent metal ion, it is not specific for any particular one. 

The absorption spectra of phosphorylase b in the range of stability of 
the enzyme (pH 5.0 to 9.5) indicate that PLP is not bound principally asa 
Schiff base, since such derivatives are known to give absorption maxima 
above 350 my (11, 12). When the PLP is split from the protein at the 
extremes of pH, however, the reaction appears to pass through an inter- 
mediate stage which shows the absorption characteristics of a Schiff base 
with the phenolic group of PLP hydrogen-bonded to the imine nitrogen 
(11). This is clearly seen in the titration of the protein into the acid 
range, where a strong peak at 415 my appears before PLP is liberated from 
the protein. The peak appearing around 400 my at pH 10.8 is probably 
also due largely to a Schiff base, together with a relatively small amount 
of PLP, which arises secondarily. Recent evidence obtained in this 





laboratory has tended to rule out the possibility that the PLP is first , 


liberated and then instantly recombined to form a non-specific Schiff base. 

A number of compounds formally derived from Schiff bases of pyridoxal 
and PLP are known, in which various groups or molecules are added across 
the imine double bond to saturate it. These include the reduced aldimines 


6 The protein dialyzed at pH 10.8 retained a large peak at 408 mu. When the 
spectrum of pure PLP at pH 10.8 was subtracted in varying amounts from that d 
the enzyme freshly adjusted to the same pH, a difference spectrum superimposable 
upon that found after dialysis could be demonstrated. Enzyme dialyzed at pH 122 
showed no residual absorption above 350 mu. 
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(pyridoxamine and pyridoxylamine derivatives), the addition compounds 
with cysteine, histidine, 3 ,4-dihydroxyphenylalanine and related substances 
(13), and aminoacetal and carbinolamine derivatives (11). These materials 
characteristically show in neutral solution an absorption band very close to 
330 mu. Christensen et al. (14) have reported that some peptides 
and proteins react with PLP to give a dissociable structure absorbing near 
330 my, with the intermediate formation of a Schiff base. This seems to 
be analogous to the situation found in phosphorylase, with the difference 
that in the latter case no appreciable dissociation of the PLP is observed 
under normal conditions. It is proposed on the above grounds, then, that 
PLP is bound to phosphorylase as a substituted aldamine or secondary 
amine derivative, representing the reversible addition of a group across the 
imine double bond of a Schiff base structure, as illustrated in the ac- 
companying structure, in which the lower portions of the formulas repre- 


Protein Protein Protein 
! 
| | Acid, base —| | | 
a or urea N XH 4H,0 NH, XH 
HO Ho -H:0 Hc=o 


| 
A aN AN. 


sent a pyridoxyl phosphate residue. This type of linkage, together with 
other bonds to the pyridoxyl phosphate moiety, would explain the stability 
of PLP on the enzyme.’ 

Certain aspects of the spectral behavior of phosphorylase, when it is 
adjusted to higher and lower pH values, are consistent with the idea that 
an important factor in the conversion of the colorless structure, absorbing 
at 333 my, into the PLP imine is denaturation of the protein molecule. 
Thus, the imine appears abruptly with variation of pH in regions where 
the protein is unstable, as indicated by its precipitation upon reneutrali- 
zation. This hypothesis is further supported by the fact that, when 
phosphorylase is dissolved at neutrality in 7 mM urea, a marked, transient 
peak can be observed above 400 my, indicating the formation of a Schiff 
base. After this treatment, the PLP associated with the enzyme can be 
removed by dialysis. The ability of Cori and Illingworth (3) to obtain a 
soluble enzyme free of PLP after treatment at acid pH, which was partially 
active upon incubation with PLP, may be based on the fact that the 
protein was protected from irreversible denaturation by its precipitation 
with ammonium sulfate. 


"It may be noted that Jenkins and Sizer (15) have reported that PLP is bound as 
asimple Schiff base in a purified preparation of glutamic-aspartic transaminase from 
pig heart. Here, the coenzyme is transformed to pyridoxamine 5’-phosphate upon 
transamination with an amino acid. 
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SUMMARY 


1. The requirements for metals and nucleotides in the crystallization of 
phosphorylase 6 have been determined. Analysis of the crystals and 
ultracentrifuge studies have indicated that the enzyme crystallizes as 
the dimer of a unit consisting of a mole of protein with 2 moles of bound 
adenosine 5’-monophosphate. 

2. The presence of constant amounts of firmly bound pyridoxal 5’. 
phosphate in phosphorylase has been confirmed. The same amount of 
pyridoxal phosphate has also been found in purified cat muscle phos. 
phorylase. 

3. On the basis of spectrophotometric studies of phosphorylase b under 
various conditions, it has been proposed that pyridoxal phosphate is 
bound to the enzyme as a substituted pyridoxylamine derivative; other 
aspects of the binding have also been discussed. 
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DEGRADATION OF L-ARABINOSE BY 
AEROBACTER AEROGENES 


III. IDENTIFICATION AND PROPERTIES OF 
L-RIBULOSE-5-PHOSPHATE 4-EPIMERASE* 


By M. J. WOLIN,} F. J. SIMPSON,t anv W. A. WOOD 


(From the Laboratory of Bacteriology, Department of Dairy Science, 
University of Illinois, Urbana, Illinois) 


(Received for publication, December 16, 1957) 


The initial reactions in the fermentation of L-arabinose by Aerobacter 
aerogenes are (a) the isomerization of L-arabinose to L-ribulose catalyzed by a 
specific isomerase (1), and (b) the phosphorylation of L-ribulose in the 
presence of ATP! by a typical magnesium-requiring kinase to yield L-ribu- 
lose 5-phosphate (2). Evidence has been presented that the next step in 
this sequence involves a conversion of L-Ru-5-P to a p-pentose phosphate 
(1,2). Preliminary reports have indicated that this process in A. aerogenes 
(2-4) and in Lactobacillus pentosus (5) is due to an enzyme which catalyzes 
the following reaction 


CH:0OH CH.0H 
c=0 c=0 
HO—C—H S HO—C—H 
HO—C—H H—C—OH 
CH.OPO,- Misti 
L-Ribulose 5-phosphate p-Xylulose 5-phosphate 


The identity and characteristics of this enzyme, L-Ru-5-P 4-epimerase, are 
the subject of this report. 


* This investigation was supported in part by a grant-in-aid from the National 
Science Foundation. 

t Postdoctoral Fellow of the National Institutes of Health. 

t On educational leave of absence. Present address, Prairie Regional Laboratory, 
National Research Council of Canada, Saskatoon, Saskatchewan. 

'The following abbreviations are used: Ru-5-P, ribulose 5-phosphate; Xu-5-P, 
xylulose 5-phosphate ; R-5-P, ribose 5-phosphate; G-3-P, glyceraldehyde 3-phosphate; 
DPN, diphosphopyridine nucleotide; TPN, triphosphopyridine nucleotide; DPT, 
diphosphothiamine; ATP, adenosine triphosphate; ADP, adenosine diphosphate; 
3-epimerase, phosphoketopentoepimerase or pD-Ru-5-P 3-epimerase; 4-epimerase, 
i-Ru-5-P 4-epimerase. 
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Materials and Methods 


Analytical and Chemical—The chemicals and the analytical and chromat- 
ographic methods used in this investigation were described in previous 
publications (1, 2) except for the items mentioned below. 

L-Ru-5-P was prepared by incubating L-ribulose and ATP with purified 
L-ribulokinase according to the procedure of Simpson and Wood (2). After 
phosphorylation had ceased, the reaction mixture was adjusted to pH 2.0 
with concentrated hydrobromic acid and acid-washed charcoal was added 
until the absorption at 260 my reached a minimum. The charcoal was 
removed by centrifugation, washed three times with 100 ml. portions of 
water, and the washings and supernatant solution were combined. 10 ml. 
of 1 m barium acetate were added, and the precipitate was removed by 
centrifugation. The precipitate was washed twice with 25 ml. portions of 
water, and the supernatant solution and washings were combined. Upon 
neutralization to pH 6.4 with KOH, another precipitate was formed and 
removed by filtration. The precipitate was washed twice with 25 ml. por- 
tions of water, and the wash water and filtrate were combined. 4 volumes 
of 95 per cent ethanol were then added to the filtrate. The precipitate 
containing the barium L-Ru-5-P was removed by centrifugation, washed 
twice with 80 per cent ethanol, once with 95 per cent ethanol, and dried 
in vacuo over CaCle. 

The phosphate esters used as substrates were prepared from the barium 
salts by dissolution in acid, followed by removal of barium with sulfate 
ion, and careful neutralization to pH 6.0 with sodium hydroxide. The 
p-R-5-P used in transketolase assays was prepared daily to minimize the 
blank values due to spontaneously formed p-Xu-5-P. 

Enzymatic—Twice crystallized G-3-P dehydrogenase was prepared from 
rabbit muscle by the procedure of Cori et al. (6). Phosphoribulokinase and 
phosphoriboisomerase were prepared from spinach as outlined by Hurwitz 
et al. (7). Transketolase free from 3-epimerase was prepared from spinach 
by a modification? of the procedure of Horecker ef al. (8). The final trans- 
ketolase fractions contained sufficient phosphoriboisomerase for their use in 


epimerase assays with R-5-P as the substrate. Acid phosphatase was pre- | 


pared from Polidase-S (9). The crystalline lactic dehydrogenase, obtained 
from the Worthington Biochemical Corporation, contained sufficient phos- 
phoenolpyruvate kinase for use in the spectrophotometric assay for ADP 
(10). 

p-Ru-5-P 3-epimerase was prepared from L. pentosus by the procedure of 
Hurwitz and Horecker (11). These preparations also contained 4-epimer- 


2 Unpublished procedure of Dr. B. L. Horecker, National Institutes of Health, 
Bethesda, Maryland. 
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ase activity, however. 3-Epimerase which was free from 4-epimerase was 
prepared from brewers’ yeast as follows. 

Crude Extract—200 gm. of dried brewers’ yeast were suspended with 
stirring in 600 ml. of 0.1 m sodium bicarbonate at 40°. The mixture foamed 
and attained a thick consistency which decreased after 30 minutes. After 
4hours, an additional 100 ml. of 0.1 m sodium bicarbonate were added with 
stirring. The suspension was centrifuged at 2000 X g for 30 minutes to 
remove the bulk of the yeast. The supernatant solution was then centri- 
fuged at 15,000 X g for 10 minutes (‘‘Crude extract,” 650 ml.). 

Ammonium Sulfate —Ammonium sulfate (306 gm.) was added to the 
extract (70 per cent of saturation). The precipitate was recovered by 
centrifugation and dissolved in 50 ml. of 10-* m Versene, pH 7.4 (“‘Am- 
monium sulfate I,”’ 50 ml.). 

Heat Step—Ammonium sulfate I, containing 0.82 m ammonium sulfate, 
was diluted to 90 ml. with 10-* m Versene, pH 7.4. The solution (pH 7.1) 
was placed in a water bath at 61° and stirred. After 15 minutes, the 
temperature reached 58°, at which temperature the fraction was maintained 
for5 minutes. The fraction was cooled and the precipitate was removed by 
centrifugation and discarded. The supernatant solution (‘Heated frac- 
tion,” 86 ml.) contained ammonium sulfate equivalent to 10 per cent of 
saturation. 

Ammonium Sulfate Precipitation—Ammonium sulfate was then added to 
the heated fraction to obtain precipitates at 40, 50, 65, and 90 per cent of 
saturation (12). The precipitates were resuspended in 15 ml. of 10° m 
Versene, pH 7.4 (four ammonium sulfate fractions, II, III, IV, and V, 
respectively). 74 per cent of the activity present in the heated fraction 
was recovered in ammonium sulfate IV and V (Table I). Ammonium 
sulfate V was free from 4-epimerase and transketolase and was stable when 
stored at. —20°. An over-all purification of about 35-fold and a yield of 
58 per cent were obtained. These results represent a rough approximation 
because the increase in the total units of enzyme obtained in the heated 
fraction (Table I) has been ignored in these calculations. 

p-Ru-5-P 3-Epimerase Assay—For purification, 3-epimerase activity was 
determined by the spectrophotometric procedure of Horecker et al. (8), 
except that G-3-P dehydrogenase rather than a-glycerophosphate dehy- 
drogenase and triosephosphate isomerase was used to measure G-3-P for- 
mation. The reaction mixture (0.5 ml.) contained 10 umoles of glycyl- 
glycine buffer, pH 7.4, 0.25 umole of DPN, 3.4 umoles of sodium arsenate, 
pH 7.5, 5 umoles of sodium glutathione, 0.2 umole of DPT, 153 y of erystal- 
line G-3-P dehydrogenase, 0.53 unit of spinach transketolase (containing 
non-limiting amounts of phosphoriboisomerase), 2 umoles of MgCle, and 2 
umoles of p-R-5-P. The reaction was initiated by adding p-R-5-P. The 
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rate was calculated from the density change between 5 and 10 minutes af. 


ter subtracting the blank rate (without 


epimerase). A unit of 3-epimerase 


TABLE [| 


Purification of p-Ru-5-P 3-Epimerase from Brewers’ Yeast 


Step 


Crude extract. . 

Ammonium sulfate I (0-70% saturation) 
Heated fraction... . Sar eee geile 
Ammonium sulfate II (040% saturation) 


- = III (40-50% saturation). . 
- ” IV (50-65% _ = 
“<“ ‘sé V (65-90% “cc ) 


* 1 unit = the optical density change of 2.0 per minute. 


7 Based on total units of crude extract. 


Total Specific | Purifica- | 


activity | activity tion | Yield 

units* = fold per cenit 
5525 1.52 100 
5000 | 10.9 7.2 90 
6450 | 37.5 24.6 | 117 
0} O 0 0 
340 ey 5.1 6 
1600 40.0 26.3 29 
3200 52.5 34.5 58 
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Fic. 1. Effect of t-Ru-5-P 4-epimerase concentration on the rate of DPN redue- 
tion. The reaction mixture (0.5 ml.) contained 25 umoles of glycylglycine, pH 8.5, 
0.25 umole of DPN, 0.1 umole of DPT, 5 zmoles of sodium glutathione, 8.5 umoles of 
sodium arsenate, pH 8.6, 230 y of crystalline G-3-P dehydrogenase, 0.2 unit of spinach 
transketolase, 2 umoles of MgCl2, 2 umoles of p-R-5-P, 0.5 umole of L-Ru-5-P, and 
purified 4-epimerase in the quantities shown. 


was defined as that amount of enzyme which causes an optical density in- 


crease of 2.0 in 1 minute. 
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t-Ru-5-P 4-Epimerase Assay—The procedure employed was identical 
with that described for 3-epimerase except for the following alterations: 
the glycylglycine buffer and arsenate were adjusted to pH 8.5, 0.5 to 0.7 
umole of L-Ru-5-P was added as a substrate in addition to p-R-5-P, and 
the reaction was started by adding 4-epimerase. A control containing 
4-epimerase but without L-Ru-5-P was run in order to determine the amount 
of DPN reduction due to the presence of 3-epimerase. Another control 
without 4-epimerase was used to determine the blank rate. Since the 
blank rate was the same with or without L-Ru-5-P, only the 3-epimerase 
control values were subtracted to obtain the true 4-epimerase rate. As 
shown in Fig. 1, such an assay for 4-epimerase was linear for velocities up 
to 0.140 optical density change per minute. With a purified enzyme 
preparation (ammonium sulfate IIT), the cuvette contained 0.1 to 0.6 y of 
protein. A unit of 4-epimerase is defined as that amount of enzyme which 
causes the formation of 1 umole of p-Xu-5-P in 1 minute. 

p-Xu-5-P Determination—v-Xu-5-P was determined as described by 
Ashwell and Hickman (13), except that spinach transketolase was sub- 
stituted for liver transketolase. Since both 3-epimerase and 4-epimerase 
were absent, only p-Xu-5-P yielded DPN-H. The composition of the re- 
action mixture was the same as that used in the 4-epimerase assays, except 
that the amounts were increased as dictated by a 1.0 ml. reaction volume. 

L-Ru-5-P Determination—.-Ru-5-P was determined in the assay system 
for D-Xu-5-P (see above), except that an excess of purified 4-epimerase 
was added in order to convert L-Ru-5-P to p-Xu-5-P. 


Results 


Evidence for t-Ru-5-P 4-Epimerase 


Enzymatic—A demonstration of the enzymatic conversion of L-Ru-5-P 
to p-Xu-5-P by 4-epimerase was accomplished with a fraction obtained 
during the purification of L-ribulokinase from A. aerogenes (2). This frac- 
tion containing 140-fold purified L-ribulokinase was free from 3-epimerase, 
L-arabinose isomerase, transketolase, and p-G-3-P dehydrogenase. The 
absence of 3-epimerase in this preparation which contained 4-epimerase 
allowed the spectrophotometric measurement of p-Xu-5-P formed from 
L-Ru-5-P by 4-epimerase. p-Xu-5-P formation was measured by the fol- 
lowing coupled enzymatic reactions 


‘ ansketolas 
(2) p-Xu-5-P + p-R-5-P Se, p-sedoheptulose-7-P + p-G-3-P 


p-G-3-P dehydrogenase 
arsenate 





(3) p-G-3-P + DPN > p-3-phosphoglycerate + DPN-H 


As shown in the left-hand portion of Fig. 2, DPN reduction was com- 
pletely dependent upon added L-Ru-5-P, p-R-5-P, and 4-epimerase present 
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in the purified t-ribulokinase fraction. Although not shown in Fig. 2 
G-3-P dehydrogenase and transketolase also were necessary for DPN re. 
duction. The lack of DPN reduction with p-R-5-P alone as the substrate 
(Fig. 2, ‘w/o t-Ru-5-P’”’) demonstrated the absence of 3-epimerase activity 
in the L-ribulokinase fraction. Since the transketolase preparation cop. | 
tained phosphoriboisomerase, the presence of 3-epimerase would haye 
allowed DPN reduction with R-5-P alone. As seen in the right-hand por. | 


meno ar 





L-Ru-5-P ——= p-Xu-5-P | 0-R-5-P——p-Ru-5-P—-Xu-5-P 
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Fig. 2. p-Xu-5-P formation from L-Ru-5-P catalyzed by L-Ru-5-P 4-epimerase. 
In the left-hand section, the complete system (0.5 ml.) contained 5 umoles of glycyl- 
glycine, pH 7.5, 5 wmoles of sodium glutathione, 8.5 umoles of sodium arsenate, pH | 
7.5, 0.1 umole of DPT, 0.25 umole of DPN, 2 umoles of p-R-5-P, 0.68 umole of t-Ru-5-P, 
0.53 unit of spinach transketolase, 153 y of crystalline G-3-P dehydrogenase, and 
6.3 X 10-* unit of 4-epimerase. In the right-hand portion the same conditions were - 
employed, except that 3.2 units of yeast 3-epimerase were added. v-R-5-P, t-Ru-5-P, 
and 4-epimerase were added only as indicated. 


tion of Fig. 2, this conclusion was verified by the fact that purified 3-epi- 
merase from brewers’ yeast added to the same assay system containing 
p-R-5-P caused rapid DPN reduction. Thus, the purified L-ribulokinase | 
fraction contained 4-epimerase and was free from 3-epimerase. 

It has been demonstrated with the same assay system that A. aerogenes | 
does not contain enzymes for converting L-G-3-P to p-G-3-P (1). Since 
crystalline muscle G-3-P dehydrogenase oxidizes only the p isomer of G- 
3-P, and since transketolase was required for DPN reduction, a “glycol- 
aldehyde” donor of the p configuration must have been formed from 1-Rw- 
5-P by an enzyme in the purified L-ribulokinase fraction. In view of the 
fact that p-Xu-5-P rather than p-Ru-5-P is the “glycolaldehyde” donor for 
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‘ig. 2, spinach transketolase (8), the foregoing results provide substantial evidence 
'N re. for the formation of p-Xu-5-P from L-Ru-5-P by the action of 4-epimerase. 
strate Also shown on the right-hand portion of Fig. 2, with Lt-Ru-5-P alone, 
tivity added 3-epimerase produced a negligible rate of DPN reduction. The rate 
. con.) was stimulated only slightly by the addition of 4-epimerase. This low 
rel rate of DPN reduction in the presence of both epimerases and phosphori- 
1 por- | boisomerase, as compared with the rate obtained with 4-epimerase, L-Ru- 
5-P, and p-R-5-P in the 3-epimerase-free system, suggests that a relatively 
high concentration of ‘‘active glycolaldehyde”’ acceptor is needed to obtain 
measurable transketolase activity with p-Xu-5-P as the “glycolaldehyde”’ 
donor. This need is supplied by added R-5-P but not by the relatively 
small amounts of R-5-P which are formed from L-Ru-5-P by the action of 
4-epimerase, 3-epimerase, and phosphoriboisomerase. With the same as- 
say system, the addition of small amounts of p-Xu-5-P* failed to produce a 
significant rate of DPN reduction, again demonstrating the inadequacy of 
the use of excess 3-epimerase and phosphoriboisomerase in generating R-5-P 
as an acceptor in the transketolase reaction. Hence, DPN reduction with 
p-Xu-5-P could be observed only in a 3-epimerase-free system to which 
R-5-P was added. 

Further enzymatic evidence for the formation of p-Xu-5-P from L-Ru-5-P 
was obtained with the following system 


(4) p-Xu-5-P ao] 


hosphoribuloki , : 
(5) p-Ru-5-P + ATP phospheribulokinese > p-ribulose 1,5-diphosphate + ADP 
erase. 


lyeyl. | ADP or alkali-labile phosphate was determined on heated aliquots removed 
te, pH | from the reaction mixture at intervals. As shown in Table II, 4-epimerase, 


u-5-P, | 3-epimerase, and phosphoribulokinase were necessary for ADP formation 
®, and | from t-Ru-5-P. 
a Chemical—34 yumoles of t-Ru-5-P were incubated with the purified 
| tribulokinase fraction containing 0.32 unit of 4-epimerase and 30 umoles 
of glyeylglycine buffer, pH 7.5, in a total volume of 3.0 ml. After incuba- 
3-epi: _ tion for 19 hours at 25°, 11 umoles of p-Xu-5-P were detected as described 
ining -s under “‘Methods.”” 6 ml. of 0.2 m acetate buffer, pH 5.0, and 1 ml. of 1 
inase | M MgCl, were added to the reaction mixture. Acid phosphatase was then 
added. After dephosphorylation was complete, the mixture was deionized 
genes | With Amberlite IR-120 (H+) and Amberlite IR-45 (OH-) and chromato- 
Since | graphed on Dowex 1 borate (1.2 sq. em. X 24.6 em.) (14, 15). Two peaks 
of G- | were located by the cysteine-carbazole (16) and orcinol (17) pentose deter- 


~+ p-Ru-5-P 





o 


AI 


gentiiis 


lycol- | minations. The peaks were freed from borate (18), concentrated in vacuo, 
.-Ru- | and characterized by the cysteine-carbazole test (10), the orcinol spectra 
f the | (10), and by paper chromatography (Table ITI). 

or for 


*Generously supplied by Dr. B. L. Horecker. 
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Peak 1 (after 476 ml. of 0.02 m borate) contained 2.66 wmoles of xylulose 
and peak 2 (after 413 ml. of 0.03 m borate) 5.1 wmoles of ribulose. Xylu- 
lose was not formed in a control containing L-ribulose, which was treated 


TABLE II 
Conversion of t-Ribulose-5-phosphate to p-Xylulose 5-phosphate by Purified 
u-Ru-5-P 4-Epimerase 

The 1 ml. reaction mixture contained 40 wmoles of triethanolamine buffer, pH 8.3, 
2 umoles of sodium glutathione, 5 umoles of MgCle, 3 umoles of ATP, 1.4 umoles of 
L-Ru-5-P, 8.3 units of phosphoribulokinase, 0.74 unit of 3-epimerase from brewers’ 
yeast, and 39y of purified 4-epimerase as indicated. After 10 minutes at 37°, the 
tubes were boiled for 5 minutes and 0.05 ml. was assayed for ADP with the pyruvate 
kinase-lactic dehydrogenase system. 





Enzyme additions ADP per 10 min. 
umole i... 
Complete system rer 0.684 
sas ** less phosphoribulokinase. ... 0.087 
oa ‘* 4-epimerase..... 0.127 
- . ‘* 3-epimerase.... Bsars 0.087 


TaB.e III 
Identification of Pentuloses Eluted from Dowex 1 Borate 


Paper chromatography* 





sel | Sedna 

. ca a4 > ) ci — 

Pentulose Geiep- apathen Dimethy 

ment Rr Orcinol-TCA ome 
SS ens * min. 7 | Eso “ag a: 

BNR ides. we nee Seas >60 | 0.46 | 0.50| Steel gray Purple 
<i ee ee ee 0.91 | 0.62 Brownish gray Roset 

Xylulose standard...... >60 0.50 | 0.48 Steel gray Purple 

Ribulose ” ~tocsae, See | CE 1059 Brownish gray Roset 





* Whatman No. 1 descending water-saturated phenol at room temperature. 

t Dimethylphenaline applied after recording spots produced by orcinol-TCA re- 
agent. 

t Orange fluorescence under ultraviolet light. 


in the same manner. 112 umoles of xylulose isolated by the same procedure 
were of the p configuration (observed [a}?? —36.5°; authentic p-xylulose 
(10) {a}?? —36.8°). The isolated material was devoid of L-xylulose as 
measured by the TPN-linked 1L-xylulose-xylitol dehydrogenase of guinea 
pig liver mitochondria (19) .4 

4 The authors are indebted to Dr. Oscar Touster of Vanderbilt University, Nash- 
ville, Tennessee, for this determination. 
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Purification of t-Ru-5-P 4-Epimerase 

After identification of 4-epimerase in an t-ribulokinase fraction, the 
following specific purification procedure was developed. 

Crude Extract—Cells of A. aerogenes were grown and harvested as pre- 
viously described (2). The cells from a 30 liter culture were suspended in 
water to a volume of 800 ml. 100 ml. batches of this suspension were 
treated in a 200 watt sonic oscillator for 10 minutes and the cellular debris 
was removed by centrifugation at 10,000 * g for 20 minutes. The debris 
was again suspended in water, treated in the oscillator, and centrifuged as 
before. The supernatant solutions were combined (‘‘Crude extract,” 1175 
ml.). 

Protamine Treatment—3224 ml. of water were added to the crude extract 
in order to adjust the protein concentration to approximately 10 mg. per 
ml. 60 gm. of ammonium sulfate were added (final concentration 0.1 M). 
825 ml. of 2 per cent protamine sulfate (pH 5.0) were added with stirring. 
The precipitate was removed by centrifugation at 5000 X g for 5 minutes 
and discarded (‘‘Protamine supernatant,” 4790 ml.). 

Ammonium Sulfate I—The supernatant solution after protamine treat- 
ment was brought to 50 per cent saturation by adding 1500 gm. of ammo- 
nium sulfate. The precipitate was removed by centrifugation and dis- 
solved in water (“‘Ammonium sulfate I,” 570 ml.). 

Heat Step—550 ml. of ammonium sulfate I in a metal beaker were diluted 
with 1100 ml. of water and placed in a water bath at 60°. After 5 minutes, 
the temperature of the fraction had risen to 60°. The fraction was main- 
tained at 60° for an additional 15 minutes. The solution was then cooled 
rapidly to 20° in an ice bath and the copious precipitate removed by centrif- 
ugation. The supernatant solution (‘‘Heated fraction,” 1570 ml.) was 
free from 3-epimerase. The yield of 4-epimerase in this step was 50 per 
cent of that present in ammonium sulfate I. The pH of the supernatant 
solution was 5.7. It has been found subsequently that the same results 
may be obtained without loss in 4-epimerase activity if the pH is adjusted 
to 6.7 before heating. 

Ammonium Sulfate II—The supernatant solution was brought to 0.3 
saturation by adding 268 gm. of ammonium sulfate. After removal of the 
precipitate by centrifugation, the supernatant solution (1600 ml.) was 
brought to 0.45 saturation by adding 150 gm. of ammonium sulfate. The 
precipitate was removed by centrifugation and dissolved in water (““Am- 
monium sulfate II,” 100 ml.). 

Gel Adsorption and Elution—200 ml. of water were added to ammonium 
sulfate II, followed by 30 ml. of a calcium phosphate gel slurry (dry weight, 
71 mg. per ml.). After stirring for 10 minutes, the gel was removed by 
centrifugation and washed with 0.002 m potassium phosphate, pH 7.4. The 
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4-epimerase was eluted by stirring with two 50 ml. portions of 0.008 
potassium phosphate, pH 7.4, each for 30 minutes. The eluates obtained 
by centrifugation were combined (‘‘Gel eluate,’ 105 ml.). 

Ammonium Sulfate 1 ]—65 ml. of ammonium sulfate solution, saturated 
at room temperature, were added to the gel eluate (0.3 saturation), and 
the precipitate was removed by centrifugation. An additional 65 ml. of 
saturated ammonium sulfate were then added to the supernatant solution 
(0.45 saturation). The precipitate was recovered by centrifugation and 
dissolved in 0.01 m glycylglycine buffer, pH 7.4 (“Ammonium sulfate IIT.” 
14.5 ml.). 


TaBLe IV 


Purification of t-Ru-6-P 4-Epimerase from A. aerogenes 





l | 
Step | Total | Specific | Purifica- 











| activity activity tion Yield 

units* = | fold per cent 

ea re Serre 0.056 1 100 
Protamine supernatant.................. ae 2118 0.13 2.3 96 
Ammonium sulfate I (0-50% saturation). .... 2242 | 0.33 5.9 102 
re .| 1002 0.48 8.6 46 
Ammonium sulfate II (30-45% saturation).....| 723 | 1.7. | 30 33 
SE ee ele ere ere | 591 | 7.5 134 | 
Ammonium sulfate III (30-40% saturation)....| 361 | 135 | 2 | 16 


| 








*1 unit = 1 umole of p-Xu-5-P formed per minute. 
¢ Although the assay indicated that the crude extract contained 1100 units, it was 
assumed for the purposes of calculation that 2200 units were present. 


The final preparation containing 16 per cent of the original activity was 


purified 223-fold (Table IV) and was stable when stored at —20°. It was , 


free of 3-epimerase, transketolase, phosphoketolase, triosephosphate de- 
hydrogenase, L-arabinose isomerase, t-ribulokinase, and phosphoriboiso- 
merase. 


Properties of 4-Epimerase 


Specificity—Only p-Xu-5-P and t-Ru-5-P have been found to serve as | 


substrates for 4-epimerase. p-Tagatose 6-phosphate® was not converted 
to p-fructose 6-phosphate, as determined spectrophotometrically in the 
presence of an excess of phosphohexoisomerase, glucose-6-phosphate de- 
hydrogenase,and TPN. a-p-Xylose 1-phosphate® and p-xylose 5-phosphate' 

5 Generously supplied by Dr. H. A. Lardy, University of Wisconsin, Madison, 
Wisconsin. 


6 Generously supplied by Dr. R. W. Watson, National Research Council Labors- 
tories, Ottawa, Ontario. 
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did not substitute for t-Ru-5-P in the complete system shown in the left- 
hand portion of Fig. 2. 

In order to determine whether 4-epimerase catalyzes the conversion of 
p-Ru-5-P to L-Xu-5-P, 4-epimerase was incubated with p-R-5-P and phos- 
phoriboisomerase. After dephosphorylation of the reaction mixture and 
chromatography on Dowex 1 borate, xylulose was not detected. However, 





pH OPTIMUM 
| t-Ru-5-P - 4-EPIMERASE ___| 


o 











71+ 



































4M x10 0-XYLULOSE-5-P FORMED IN 10 MIN. 


3 — 
2 
, / 
on 
re) ! 
is) 6 7 8 9 10 


pH 

Fic. 3. Effect of pH on t-Ru-5-P 4-epimerase activity. The reaction mixture 
(0.3 ml.) contained 25 uwmoles of buffer, 2 umoles of L-Ru-5-P, and 2.0 y of 4-epimerase 
(ammonium sulfate III, specific activity 12.5). The following buffers were used: 
pH 5, acetate; pH 6 and 7, phosphate; pH 8.0 and 8.5, glycylglycine; and pH 9.0, 
9.5, and 10.0, glycine. After 10 minutes at 24°, 0.7 ml. of 0.2 N acetate buffer, pH 
4.9, was added and the mixture was heated in boiling water for 3 minutes. After 
cooling in ice, aliquots were assayed for p-Xu-5-P as described under ‘‘Methods.” 


xylulose was detected in a control reaction mixture containing L-Ru-5-P 
as a substrate and analyzed by the same procedure. 

Cofactors—No requirement for cofactors has been demonstrated. The 
purified enzyme has been dialyzed for 24 hours against 10-* m Versene, 
pH 7.4, without alteration of activity as measured in the transketolase as- 
say system. Similarly, treatment with acid-washed charcoal did not reduce 
the activity. With the assay involving ADP production (Table IT), added 
DPN or TPN did not stimulate the rate of ADP formation. 

Effect of pH—As shown in Fig. 3, the optimal pH for 4-epimerase ac- 
tivity is between pH 8.5 and 9.5. Considerable activity was displayed at 
pH 10, but the rate fell rapidly below pH 8 and was essentially non-exis- 
tent at pH 5 to 6. Tests for the spontaneous conversion of L-Ru-5-P to 
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and p-Xu-5-P present as equilibrium was attained. 
pared by incubating 100 wmoles of p-R-5-P with 0.2 ml. of 3-epimerase | 
from brewers’ yeast (3.2 units), 0.1 ml. of spinach phosphoriboisomerase 
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D-Xu-5-P revealed that this process does not occur in the absence of 4-epi- | 
merase, even at pH 10. 

Substrate Saturation—Vig. 4 illustrates the effect of t-Ru-5-P concentn. 
tion upon the 4-epimerase reaction velocity. The Michaelis constant 
(Km) calculated from the reciprocal plots described by Lineweaver and 
Burk (20) was Kn = 1 X 10-‘m. Thus, the half maximal velocity is at. 
tained with 0.1 umole of L-Ru-5-P per ml. and maximal velocity is ap- 
proached in the region of 1.5 to 2 umoles per ml. 








SUBSTRATE SATURATION 
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Fig. 4. Effect of t-Ru-5-P concentration on reaction velocity. The conditions 
are identical with those described in Fig. 1, except that the concentration of L-Ru-5-P 
was varied as shown. 

Equilibrium Studies 

The equilibrium point was determined by incubating either L-Ru-5-P 

or D-Xu-5-P with 4-epimerase and determining the amounts of L-Ru-5-P 


(10 units), and 0.2 ml. of 0.5 m glycylglycine, pH 8.4. After 60 minutes 


at 24°, 0.1 ml. of 1 N acetic acid was added and the mixture boiled for 5 


minutes. The p-Xu-5-P content of the pentose phosphate mixture was 
determined by enzymatic assay (see under ‘“Methods’’). 

For equilibrium measurements, the reaction mixture contained either 
13.6 umoles of L-Ru-5-P (contaminated with 1.84 umoles of p-Xu-5-P) or 
the equilibrium mixture of p-pentose phosphates containing 14.0 umoles of 


p-Xu-5-P was pre- | 
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4-epi- | p-Xu-5-P. Other additions were 0.2 ml. of 0.5 m glycylglycine, pH 8.4, 
0.1 ml. of 4-epimerase (‘“‘Ammonium sulfate III,’’ Table IV) and water to 
*ntra- 1Qml. The mixture was incubated at 24° and 0.1 ml. aliquots were trans- 




















stant | ferred into 0.9 ml. of 0.1 m acetate buffer, pH 4.7, at time intervals. The 
/ and | diluted aliquot was then immersed in boiling water for 3 minutes and stored 
IS at-) in an ice bath for assays. The p-Xu-5-P in each sample was determined 
S ap) enzymatically in the transketolase assay as the amount of DPN -H formed. 
When DPN -H production had ceased, excess 4-epimerase was added to the 
cuvette. The t~-Ru-5-P content was calculated from the increment in 
DPN-H. The results of these determinations are shown in Fig. 5 and 
Table V. At equilibrium, the ratio of p-Xu-5-P to L-Ru-5-P was 1.86 
L-Ru-5-P - 4-EPIMERASE 
100 REVERSIBILITY AND EQUILIBRIUM 
% , 
=e FROM 0-Xu-5-P 
> | —_ a 
a A ie 
- \ —_———e p-Xu-5-P 
60--\ Pr 4 
4 oe 
a x< FROM L-Ru-5-P 
5 4ol-/ a ae isin 
Ja —_—___ L- - 
ro} / ilies on 
3¢ 20 ee 4 
4 oll D- Xu-5-P 
l N iit tt 
.@) 5 10 15 30 60 
itions MINUTES 
u-5-P Fic. 5. Reversibility and equilibrium of L-Ru-5-P 4-epimerase. The conditions 


are described in Table V. 


when either p-Xu-5-P or L-Ru-5-P was used as the substrate. Thus, at 

15 equilibrium the composition of this mixture of pentulose phosphates was 

. 65 per cent p-Xu-5-P and 35 per cent L-Ru-5-P. The total ketopentose 
1-5-P ate da = P : 

phosphate content (p-Xu-5-P plus L-Ru-5-P) remained constant during 


bi the incubation period. | 
erase ane Induction A. aerogenes PRL-R3 was grown for two trans- 
nutes fers in a medium containing either p-arabinose, p-xylose, or p-glucose. 1 
font ml. of a 10 hour culture grown on each sugar was used to inoculate 500 
ls ml. of medium (1) containing 1 per cent of the same sugar used to grow the 


inoculum, i.e. either p-arabinose, D-xylose, or p-glucose, each autoclaved 
‘ther separately. Each lot of medium was dispensed in a Fernbach flask. After 
P) of 15 hours incubation on a shaker at 26.5°, the cells were recovered, washed, 

: resuspended in 20 ml. of water, and ruptured by sonic oscillation as pre- 


les of ; 
viously described. Each cell-free extract was adjusted to pH 6.6 to 6.7 
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with NaOH. A portion of each extract was then immersed for 5 mip. 
utes in water at 60°. After centrifugation, the supernatant solution; 
were assayed spectrophotometrically for 4-epimerase as described unde 
“Methods.” This treatment was found to reduce the 3-epimerase an( 
DPN -H oxidase content to a level which would allow assays on crude ex. 
tracts. Aliquots of extracts from cells grown on v-glucose, D-xylose, oy 
p-arabinose, containing 75 to 91 y of protein, were completely devoid of 


TABLE V 
Reversibility and Equilibrium Point of t-Ru-6-P 4-Epimerase 
The reaction mixture contained either 13.6 umoles of L-Ru-5-P (contaminated 
with 1.84 uwmoles of p-Xu-5-P) or 14.0 umoles of p-Xu-5-P (isomerase-3-epimerage 
equilibrium mixture), 0.2 ml. of 0.5 m glycylglycine, pH 8.4, 0.1 ml. of 4-epimerase 
(“Ammonium sulfate III,” Table IV) and water to1.0 ml. The mixture was incubated 
at 24°. 0.1 ml. aliquots were transferred at time intervals into 0.9 ml. of 0.1 m ace. 


tate buffer, pH 4.7. The diluted aliquot was boiled 3 minutes, cooled, and assayed ' 


for p-Xu-5-P and L-Ru-5-P. 











| t-Ru-5-P — p-Xu-5-P p-Xu-5-P — L-Ru-5-P 
i siete licen amematitapinatitiy — —— - —— 
| } P 
. Total — | . = | Total = 
L-Ru-5-P | pD-Xu-5-P | pentulose | D-Xu-5-P* | t-Ru-5-P | p-Xu-5-P pentulose p-Xu-5-Pt 
ae | 
———-— | ——_ —- — = -_—— —_———- —_—____ 
min. pmoles pumoles | umoles percent | pmoles | moles pumoles per cent 
0 13.10 | 1.84 | 14.94 | 12.1 0 14.02f 14.02 100 


| 
1 | 10.60 | 4.93 | 15.50 | 32.4 1.08 13.20 14.28 93.3 
| 


2 | 8.30 | 6.56 | 14.86 | 43.0 | 1.66 | 12.80 | 14.46 | 914 
6 6.71 | 8.30 | 15.01 | 54.5 

10 | 5.64 | 9.51 | 15.15 | 62.7 | 4.14 | 10.32 | 14.46 | 73.7 
15 | 5.39 | 10.09 | 15.48 | 66.2 | 4.39 | 9.80 | 14.19 | 69.8 
30 | 5.72 | 9.56 | 15.58 | 64.7 | 4.25 | 9.08 | 13.33 | 64.8 


w 
cs 
bo 
or 


60 | 5.52 | 9.82 | 15.34 | 64.: 


9.14 13.39 | 65.2 
* Calculated from a pentulose content of 15.23 umoles. 
t Calculated from a pentulose content of 14.02 umoles. 
t Average of all determinations. 


4-epimerase activity. Under the same conditions an aliquot of an extract 
from cells grown on L-arabinose, containing 112 y of protein, converted 
L-Ru-5-P to p-Xu-5-P at the rate of 0.45 umole per minute per mg. of 
protein. Essentially the same results were obtained with both heated and 


unheated extracts. These data indicate that 4-epimerase is an inducible | 


enzyme formed only during growth on L-arabinose. 


DISCUSSION 


In t-arabinose fermentation by A. aerogenes and L. pentosus (5), u-Ru- 
5-P 4-epimerase catalyzes the reaction whereby the change from 1 to? 
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configuration is accomplished. The further metabolism of p-Xu-5-P by 
A. aerogenes and a comparison with the metabolism of p-Xu-5-P by L. 
pentosus have been discussed in a previous paper (2). 

Although the action of both 3-epimerase and 4-epimerase results in a 
change in the configuration of a hydroxyl group of a common substrate, 
p-Xu-5-P, 3-epimerase acts on the hydroxyl group a to the carbonyl posi- 
tion, whereas 4-epimerase acts on the hydroxyl group 8 to the carbonyl 
position. This distinction led to the provisional designation of 4-epimer- 
ase as “‘stereoisomerase” in preliminary reports (3, 4). We have subse- 
quently been advised that the change in configuration involved in the con- 
yersion of L-Ru-5-P to p-Xu-5-P can be properly called an epimerization. 
Hence, ‘‘stereoisomerase” has been discarded in favor of ‘‘4-epimerase.” 

Other properties which are different for these epimerases are (a) a more 
alkaline pH optimum for 4-epimerase than for 3-epimerase (11), and (b) 
a greater affinity (K») of 4-epimerase for L-Ru-5-P than 3-epimerase has 
for p-Ru-5-P (11). It is interesting to note that the combined action of 
3- and 4-epimerases catalyzes a racemization of p- or L-Ru-5-P; that is, 
equal amounts of D- and L-Ru-5-P would be present at equilibrium. In 
this case, however, D-Xu-5-P, the intermediate, is also present in appreci- 
able concentration. 

The epimerization of the hydroxyl group on carbon 4 catalyzed by 
4-epimerase is similar to the inversion catalyzed by the galactose 1-phos- 
phate 4-epimerase (21). There are no indications, however, that uridine 
derivatives of the pentuloses or DPN are involved in the t-Ru-5-P to p-Xu- 
5-P conversion (22). In this respect, L-Ru-5-P 4-epimerase is similar to 
p-Ru-5-P 3-epimerase (11). The ultraviolet absorption spectrum of puri- 
fied t-Ru-5-P 4-epimerase (““Ammonium sulfate III,” Table IV) shows a 
single peak in the ultraviolet region at 280 my with a 280:260 my ratio of 
1.62. Thus, there is no indication of a bound nucleotide. The mechanism 
of action of both pentuloepimerases remains to be determined. 

The equilibrium constant for the reaction, p-Ru-5-P $$ p-Xu-5-P, cata- 
lyzed by purified 3-epimerase has been found to be 1.5 at 25° for the L. 
peniosus enzyme (11) and 1.4 at 37° for the spleen enzyme (13). The 
equilibrium constant for the reaction, L-Ru-5-P + p-Xu-5-P, catalyzed by 
purified 4-epimerase has been found to be 1.5 at 25° for the L. pentosus 
enzyme (5) and 1.86 at 24° for the A. aerogenes enzyme, as has been re- 
ported in this paper. In the determinations of the above values for the 
3-epimerase equilibrium (11, 13), the possibility that the 3-epimerase 
preparations contain contaminating 4-epimerase may not have been elimi- 
nated. Similarly, the determination of the equilibrium catalyzed by 4-epi- 
merase from L. pentosus (5) may have been made with preparations con- 
taining 3-epimerase. Such crosscontamination of epimerasesand differences 
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in the accuracy and specificity of the methods used to determine the composi- 
tion of the equilibrium mixtures may contribute to differences among these 
equilibrium constants. A consideration of the structure of these pentulose 
phosphates indicates that the equilibrium value should be identical for 
both epimerases. 

The absence of 4-epimerase in extracts of A. aerogenes grown on other 
sugars is surprising. L-Ru-5-P formed during L-arabinose fermentation 
probably induces the formation of 4-epimerase. Since p-Xu-5-P may also 
logically be considered a substrate for this enzyme, it might be expected 
that p-Xu-5-P also would induce the formation of 4-epimerase. In view of 
the fact that p-Xu-5-P would be formed during growth on other pentoses, 


especially p-xylose, and that 3-epimerase prepared from p-xylose-grown | 


L. pentosus contained 4-epimerase, induction of 4-epimerase during growth 
of A. aerogenes on other pentoses was to be expected. 


Although reports in the literature suggest that the L-arabinose of plant | 


pectins arises from a direct decarboxylation of a hexuronic acid (23, 24), 


ossibly involving intermediate uridine derivatives (25), the existence of | 
>] ' 


an L-Ru-5-P to p-Xu-5-P conversion suggests another path of L-arabinose 
formation. It would be of interest to ascertain the existence of L-Ru-5-P 
4-epimerase in plant tissues and to determine whether L-Ru-5-P or L-ribu- 
lose can be metabolized by these tissues. 


SUMMARY 


An inducible enzyme that catalyzes the interconversion of L-ribulose 
5-phosphate (L-Ru-5-P) and p-xylulose 5-phosphate (p-Xu-5-P), termed 
L-Ru-5-P 4-epimerase, has been purified 223-fold from extracts of A erobacter 
aerogenes, and separated from 3-epimerase. The product of its action on 
L-Ru-5-P has been identified chemically and enzymatically as p-Xu-5-P. 
The equilibrium constant for the reaction, L-Ru-5-P $$ p-Xu-5-P, has been 
determined in both directions and found to be 1.86. The enzyme does 
not catalyze the conversion of p-tagatose 6-phosphate to p-fructose 6-phos- 
phate or of p-ribulose 5-phosphate to L-xylulose 5-phosphate. A procedure 
has also been developed for the purification of p-Ru-5-P 3-epimerase free 
from Lt-Ru-5-P 4-epimerase from brewers’ yeast. 


The authors gratefully acknowledge the generosity of Dr. B. L. Horecker, 
who made available unpublished manuscripts and experimental materials. 
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NUCLEOSIDE INCORPORATION INTO HELA CELLS 
INFECTED WITH POLIOMYELITIS VIRUS* 


By HOWARD GOLDFINE,{| RAY KOPPELMAN, anv E. A. EVANS, Jr. 
(From the Department of Biochemistry, University of Chicago, Chicago, Illinois) 


(Received for publication, November 21, 1957) 


The isolation of animal cells, which can be grown in vitro in partially 
or completely defined media and maintained indefinitely by serial transfer, 
has provided a more uniform material for the study of the metabolism of 
an animal cell infected with virus than tissues infected in vivo. Since 
cells form a monolayer when they are grown attached directly to glass in 
stationary cultures, every cell can be exposed to virus simultaneously when 
a sufficiently large amount of inoculum is used. One of the cell strains 
that possesses these advantages is the HeLa strain, isolated from a human 
cervical carcinoma by Gey, and shown to support the growth of a wide 
variety of animal viruses by Scherer et al. (1) and by Syverton and Scherer 
(2). 

All viruses studied to date contain nucleic acids. Plant viruses consist 
of RNA! and protein. Animal viruses have been reported to contain 
both types of nucleic acids, but in any single species of virus one of the 
types is present either exclusively or predominantly (3). A clear relation- 
ship between the type of nucleic acid in the virus and the nucleic acid 
metabolism of the infected host cell has been established only in the case 
of the T phages which attack strain B of Escherichia coli. When E. coli 
are infected with T2r+, phage DNA and phage protein become the major 
products of the syntheses of the host cells; net synthesis of RNA ceases 
(4), although for a short time after infection a small metabolically active 
pool of RNA is present in the infected cell (5). 

The present study of nucleic acid synthesis in HeLa cells infected with 
poliomyelitis virus, a virus composed mainly of RNA and protein (6), 
shows that the incorporation of cytidine into HeLa cell RNA continues at 
nearly normal rates during the period of virus release, whereas incorpora- 
tion of the same nucleoside into HeLa cell DNA is decreased. 


* Aided by a grant from the National Foundation for Infantile Paralysis. This 
material is taken from a thesis submitted by Howard Goldfine to the Division of the 
Biological Sciences, University of Chicago, in partial fulfilment of the requirements 
for the degree of Doctor of Philosophy. 

t Public Health Service Research Fellow of the National Cancer Institute, 1955 
to 1957. 

'The following abbreviations have been used: RNA, ribonucleic acid; DNA, 
deoxyribonucleic acid; TCIDw, tissue culture infectious doses. 
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Materials and Methods 


C''-Labeled Nucleosides—Totally labeled C'*-guanosine and cytidine 
were obtained from the Schwarz Laboratories, Inc. By means of the 
base exchange technique described by Rose and Schweigert (7), the specific 
activity of the sugar moiety of cytidine was found to be 2.9 times that 
of the pyrimidine ring. The distribution of radioactivity in guanosine 
was not determined because, as will be shown later, this nucleoside was 
incorporated into HeLa cell nucleic acids at very low levels. 

Enzyme Preparations—Deoxyribonuclease and intestinal phosphatase 





were obtained from the Worthington Biochemical Corporation, the in. | 


testinal phosphatase possessing strong cytidine and adenosine deaminase 
activity. Thus uracil deoxyriboside and hypoxanthine deoxyriboside 
were obtained in those experiments in which it was used to digest DNA, 


In later experiments, the source of phosphatase activity was Russell’s 


viper venom obtained from Ross Allen’s Reptile Institute, Silver Springs, 
Florida. The whole snake venom also gave evidence of deaminase activity; 
however, the material recovered after an aqueous solution of the snake 
venom was passed through a loosely packed column of shredded Whatman 
No. 5 filter paper completely digested DNA oligonucleotides to the four 
nucleosides without deamination. 

Cells—HeLa cells were generously furnished by Dr. J. T. Syverton 
and were grown by the use of techniques described by him and his coworkers 
(8). Eagle’s medium, which consists of salts, vitamins, amino acids, 
glucose, and antibiotics, supplemented with 10 per cent human serum (9), 
was substituted for the growth medium used by Syverton et al., which con- 
tains salts, glucose, and 40 per cent human serum. 

Cells were grown in either 250 ml. or 5 liter flat walled culture bottles. 
The cells grew on one wall of the stationary bottles. The surface area in 
the 250 ml. bottles can accommodate 5 to 10 X 10° cells, but in the 5 liter 
bottles is approximately fifteen times greater. The cells were grown in 
9 ml. of medium in the small bottles and 180 ml. of medium in the large 
bottles. These large bottles were used in experiments with virus-infected 
cells. 4 days after the cultures were started, two-thirds of the supernatant 
medium was replaced with fresh medium. 3 days later all of the medium 
was removed and the experiments were performed as described below. 

Isolation of Nucleic Acid Constituents from HeLa Cells—After exposure 
to the radioactive riboside, the cells were detached from glass by treatment 
for 5 to 10 minutes at room temperature w:th a 0.5 per cent solution cf 
Difco 1:250 trypsin in maintenance medium. The cell suspensions were 
then centrifuged at 200 X g for 10 minutes and washed once in balanced 
salt solution (8). For the separation of RNA and DNA, two different 
procedures were used. The first procedure was used both in the experi- 
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ments designed to measure the levels of incorporation of labeled ribosides 
into the nucleic acids of uninfected HeLa cells and in Experiment 1, Table 
III, with virus-infected cells. This procedure was essentially that of 
Schmidt and Thannhauser (10) with the exception that the precipitates 
were separated by centrifugation at 3000 X g for 3 to 10 minutes and the 
DNA was precipitated by acidification of the alkaline RNA digest with 
HCl plus 5 per cent perchloric acid. The RNA mononucleotide solution 
was adjusted to pH 7.0 to 7.5 with NaOH and adsorbed to Dowex 1 chloride 
anion exchange resin in a 20 X 1em.column. Elution was performed with 
a concentration gradient of HCl, increasing from pure water to 0.006 N 
HCl (11). In order to concentrate the nucleotides, these eluates were 
neutralized with NaOH and passed through 2 to 3 cm. long columns of 
Dowex 1 chloride from which the nucleotides were readily eluted with 
0.01 n HCl, except for guanylic acid which was eluted with 0.1 n HCl. 
The solutions were then evaporated to dryness under reduced pressure 
over CaCl, and NaOH. The residues were taken up either in water for 
determinations of radioactivity or in HCl or NaOH for determinations of 
ultraviolet spectra for comparison with those reported in the literature for 
the pure nucleotides (12). In Experiments 2, 3, and 4 with virus-infected 
cells (Tables III and IV) the method of Hecht and Potter (13), which 
involves the use of Dowex 1 formate for separation of the RNA mononu- 
cleotides, was utilized. This procedure shortens the time required for 
separation because of the smaller volumes needed for elution of the nucleo- 
tides. 

The acid-insoluble DNA obtained in either of the above procedures 
was redissolved in NaOH and precipitated twice with HCl. It was then 
washed with 95 per cent ethanol and dried in air. The dried material 
was suspended in 1 to 2 ml. of 0.05 m phosphate buffer at pH 7.0 and in- 
cubated with approximately 0.1 mg. of deoxyribonuclease in the presence 
of 0.003 m MgCl, for 4 to 16 hours at room temperature. The concentra- 
tion of MgCl. was then increased to 0.01 m, the pH was adjusted to 9, 
and either 4 mg. of intestinal phosphatase or a solution of snake venom 
esterases?’ was added. The incubation mixtures with intestinal phos- 
phatase were buffered at pH 9 with 0.02 m tris(hydroxymethyl)amino- 
methane buffer and incubated overnight at 36°. The incubation mixtures 
with snake venom were maintained at pH 8.5 to 9.0 by dropwise addition 
of 0.01 n NaOH during incubation at 36° for 3 to 6 hours. 

After incubation, the insoluble residue was removed by centrifugation 
at 3000 X g for 3 to 10 minutes and washed with a small volume of water. 
The supernatant solutions which contained the deoxyribosides were 


* The volume, in ml., of snake venom solution added was equal to 5.0 divided by 
the optical density of the solution at 280 my (1 em. light path). 
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combined and evaporated to dryness. The deoxyribosides were then 
taken up in a small volume of water and chromatographed on paper in a 
butanol-borate solvent system which separates the deoxyribosides and 
frees them completely from any contamination with ribosides (7). 

Determination of Radioactivity—Radioactivities were determined in 
a gas flow counter. The method of thin sample counting was utilized 
because of the small amounts of pure compounds that could be isolated. 
The samples were plated out on circular glass cover-slips of either 18 
or 25 mm. diameter and counted, after which the samples were dissolved 
in acid at pH 1 or 2 and the optical densities determined in a Beckman 
model DU spectrophotometer. Relative specific activity is defined as 
counts per minute per microgram of C in the compound isolated, multi- 
plied by 100, and divided by counts per minute per microgram of C in the 
precursor. 

Virus—Poliomyelitis virus, type 3, Saukett strain, was used in these 
experiments. High titer virus pools were obtained by infecting cultures 
of HeLa cells and harvesting the supernatant medium after 24 hours. 
The medium was clarified by centrifugation at 200 X g for 10 minutes and 
then stored in dry ice. 

Viral titrations were performed in tube cultures of HeLa cells as de- 
scribed by Ackermann et al. (14). Eagle’s medium was used to dilute 
the virus, and the growth of virus took place in Eagle’s medium plus 5 
per cent calf serum. The number of tissue culture infectious doses per 
ml. of sample was calculated from the dilution of virus capable of destroy- 
ing 50 per cent of the cultures to which it was added. 

In Experiment 1, with virus-infected cells, the inoculum consisted of 
approximately three TCIDs59 per cell. In Experiments 2, 3, and 4, the 
inoculum consisted of approximately thirty to forty TCI D5 per cell. The 
virus added to each 5 liter culture bottle was in 20 to 30 ml. of fluid. Be- 
fore virus was added, the cultures were washed three times with approxi- 
mately 40 ml. of Eagle’s medium without serum; then 160 to 180 ml. of 
Eagle’s medium with 5 per cent calf serum were added. The virus solution 
was now added and allowed to remain on the cells for 1 hour at 36° in order 
to insure adsorption of virus to the cells. Next, the supernatant fluid 
was poured off and the cultures were washed twice with 40 ml. of Eagle’s 
medium without serum to remove unadsorbed virus. 180 ml. of Eagle’s 
medium with 10 per cent calf serum were then added to each bottle. The 
medium was sampled for virus immediately after being added to the washed 
cultures and also at the end of the experiment. The cells were harvested 
11 hours after the addition of virus. The increase in virus titer of the 


_— 


3 Based on the approximation that each 5 liter flask contained 108 cells. 
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supernatant medium averaged 3000-fold during the 10 hours which elapsed 
between the time the two samples were taken. 

One-step growth curves for HeLa cells infected with type 3 poliomyelitis 
virus have been published by Ackermann et al. (14). These show that no 
virus is released during a latent period of nearly 4 hours, after which there 
is a virus release period of 5 to 6 hours. Thus, the maximal yield of virus 
is reached about 10 to 11 hours after infection. Lwoff et al. obtained simi- 
lar curves with single cells infected with poliomyelitis virus (15). The 
growth curve of virus during our experiments was not studied; however, 
the 11 hour titers obtained were the same as those reported by Ackermann 
and his coworkers. The end of the period of rapid release of virus is the 
primary reason for choosing the 11th hour after infection as the time for 
harvesting the cells. Another reason is that by the 11th hour many in- 
fected cells begin to lose attachment to the glass walls of the culture vessels. 


Results 


Incorporation of Nucleosides into HeLa Cell Nucleic Acids—Forty cultures 
of HeLa cells in 250 ml. bottles were exposed to a total of 1.0 umole of 
C“-guanosine (820 c.p.m. per y of C) in Eagle’s medium with 10 per cent 
human serum. The cells were harvested after 48 hours of growth in the 
presence of the labeled nucleoside. Guanosine was incorporated into the 
nucleic acids of HeLa cells at such a low level as to make accurate count- 
ing difficult (Table I). 

A similar experiment was performed with totally labeled C'*-cytidine 
(610 c.p.m. per y of C) (Table II). The level of incorporation was ap- 
proximately 5 times that which was obtained with guanosine. 

Incorporation of C™-Cytidine into Nucleic Acids of Poliomyelitis Virus- 
Infected HeLa Cells—In Experiments 1, 2, and 3, the C'-cytidine was added 
with the Eagle’s medium immediately after the unadsorbed virus had been 
washed off. In each experiment the cells to be infected were contained 
in two 5 liter culture bottles, and the control cells were contained in two 
similar bottles. The four cultures for an experiment were started from 
the same pool of cells and each received the same inoculum. The control 
cultures received the same treatment as the virus-infected cultures, in- 
cluding all the washings and changes of medium described in the section 
on methods. The only difference was the addition of a solution of virus 
for 1 hour to the cultures to be infected. Each culture received 2.0 umoles 
of C“-cytidine (610 c.p.m. per y of C). 

From Table III it can be seen that the incorporation of cytidine into the 
RNA and into the DNA of the control cultures was of the same order of 
magnitude in Experiments 1,2, and 3. Because of the small differences 
in incorporation of cytidine into the nucleic acids of the control cells from 
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experiment to experiment, we have compared the specific activities of 
the compounds isolated from infected cells with those of the compounds 
isolated from the control cells in the same experiment (Figs. 1 and 2). 


TABLE I 


Incorporation of C\-Guanosine into Nucleic Acids of HeLa Cells 


Compound isolated C.p.m. per y C* anlivemaes 

From RNA 

Guanylic acid 2.8 0.34 

Adenylic ‘ L.7 0.20 

Uridylic ‘ 0.8 0.10 

Cytidylie ‘“ 0.6 0.07 
From DNA 

Purine deoxyribosides 1.4 0.17 

Thymidine 0.0 0.00 





* Standard deviations of individual sample counts, +15 per cent or less. 
t For a definition, see the text. 


TaBLe II 
Incorporation of C'4-Cytidine into Nucleic Acids of HeLa Cells 











Relative 


= “ ~ . 
Compound isolated C.p.m. per y C specific activityt 





From RNA 





Cytidylic acid 9.5 1.6 
Uridylic “ 10.6 1.7 
Adenylic “ t | 1.1 0.2 
Guanylic ‘“‘ ee 0.2 
From DNA 
Cytosine deoxyriboside 3.4 0.6 
Thymidine 2.2 0.4 
Purine deoxyriboside 2.0 0.3 





* Standard deviations of individual sample counts were +15 per cent or less. 
t For a definition, see the text. 
t Calculated value (contaminated with cytidyliec acid). 





The greater depression of incorporation into DNA in the virus-infected 
cells in Experiments 2 and 3, as compared to the depression observed in 


4 These differences may be related to the following: The number of cells per bottle 
may have varied by as much as a factor of 2 from experiment to experiment. An- 
other factor that was not controlled was the pooled human sera used for growth of 
cells and the calf serum used during infection with virus. Different pools of sera 
may alter the growth rate and the synthesis of cellular material. 
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Experiment 1, may be due to the 10-fold higher concentration of virus 
inocula used. This seems to be supported by the observation that the 


TABLE III 


Relative Specific Activities of Nucleic Acid Constituents of Control and Infected HeLa 
Cells: C\4-Cytidine Added 1 Hour after Infection 





Experiment Experiment 1 Experiment 2 Experiment 3 





Compound isolated Control | Infected Control Infected* | Control Infected 


From RNA | 
Cytidylie acid 4.9 | 4.9 4.5 | 6.3 


3.8 
Uridylic “ 6.8 | 6.6 5.9 | 7.3 | 5.8 
Adenylic ‘“ 0.3t | 0.6f 0.1t 
Guanylic “ 0.9 | 0.6f <0.2¢ | 
From DNA 
Cytosine deoxyriboside 14 | 0.9 2.2 0.8 | 1.9 | 0.9 
Thymidine 0.8 | 0.6 16 | 0.7 | 1.5 | 0.7 
Adenine deoxyriboside 0 | O <0.2t | <0.2t | 
Guanine a 0 | 0 | <0.2T | <0.2t | 





* No data are given for the RNA mononucleotides because the material was acci- 
dentally lost. 

t All values for pyrimidine compounds have standard deviations of +5 per cent. 
Some values for purine compounds have standard deviations up to +15 per cent and 
are designated by a dagger. 
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Fic. 1. Specific activities of nucleotides isolated from RNA of infected HeLa 
cells as the per cent of the specific activities of the nucleotides isolated from RNA 
of the control cells in the same experiment. C = cytidylic acid; U = uridylic acid. 
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titer of virus at the end of the 11 hour infective period was 10- to 100-fold 
higher in Experiments 2 and 3 than the 11 hour titer was in Experiment 1. 
The differences in inocula may also account for the depression of uptake 
of cytidine into the RNA of virus-infected cells in Experiment 3, as com- 
pared to little or no depression of uptake into RNA in Experiment 1. 

It can be seen that during the first 11 hours of infection with polio- 
myelitis virus, the uptake of cytidine into DNA was decreased to a greater 
extent than was the uptake into RNA and that, with an inoculum of 
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Specific Activity As Per Cent Of Control 


Expt. | Expt.2 Expt.3 Expt.4 


Fic. 2. Specific activities of nucleosides isolated from DNA of infected HeLa cells 
as the per cent of the specific activities of the nucleosides isolated from DNA of 
the control cells in the same experiment. C = cytosine deoxyriboside; T = thy- 
midine. 


three TCIDso per cell, the uptake into DNA was decreased, whereas the 
uptake into RNA was not significantly affected. 

In order to determine whether there was any detectable difference in the 
extent of incorporation of the riboside into the nucleic acids of HeLa cells 
during different stages of infection, in Experiment 4 the C'-cytidine was 
added to both control and infected cultures 5.5 hours after the cells had 
been infected with approximately forty TCIDs5o per cell. The cultures 
were harvested at 11 hours after infection, as in previous experiments. 
The results are shown in Table IV and plotted in Figs. 1 and 2. 

This experiment demonstrates conclusively the different effects of 
poliomyelitis virus infection upon the incorporation of cytidine into RNA 
and DNA. The incorporation into RNA during the later stages of infec- 
tion proceeds at a rate almost equal to that observed in the control cultures, 
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whereas incorporation into DNA in the infected cultures is almost com- 
pletely inhibited. 

A comparison of the uptake of C-cytidine into the RNA and DNA 
of the control cultures during a 5.5 hour and a 10 hour exposure period 
shows that the uptake was nearly linear with time. This result precludes 
the possible difficulty that all or most of the uptake of radioactivity ob- 
served in the cells exposed for 10 hours may have taken place during the 
ist few hours of exposure. 


TABLE IV 


Relative Specific Activities of Nucleic Acid Constituents of Control and 
Infected HeLa Cells: C'*-Cytidine Added 5.5 Hours after Infection 


Compound isolated Control Infected 
From RNA 
Cytidylic acid 3.2° 1.9 
Uridylic ‘“ 2.7 2.6 
From DNA 
Cytosine deoxyriboside 1.0 0.1 (+60) 
Thymidine | 0.5 0.1 ( 





+20) 
* All values have standard deviations of +5 per cent except those otherwise indi- 
cated. 


DISCUSSION 


The observation that cytidine was more rapidly incorporated than 
guanosine into the nucleic acids of HeLa cells is in agreement with previous 
studies of riboside incorporation into the nucleic acids of rat viscera (16). 
However, with C'-cytidine as precursor, the ratio of the specific activities 
of uridylic acid to cytidylic acid in HeLa cell RNA was found to be greater 
than 1, in contrast to the results of experiments with intact rats in which 
the ratio is considerably less than 1 (7,13). These results may be explained 
on the basis that a rapid equilibration between the labeled cytidine and 
uridine, or their phosphorylated derivatives, was accompanied by a greater 
dilution of the radioactivity of the cytidylic acid by de novo synthesis from 
unlabeled materials in the cells or in the medium. The possibility that 
the C'-cytidine used in our experiments was contaminated with a highly 
radioactive uridine precursor was eliminated by paper chromatography in 
two solvent systems, followed by a radioautograph, which showed only one 
radioactive spot corresponding to the ultraviolet-absorbing cytidine spot. 

The finding that cytosine deoxyriboside was more highly labeled than 
thymidine in HeLa cell DNA when C"-cytidine was the precursor is 
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in agreement with previous work with rats (7, 13). Our observations on 
the distribution of isotope in RNA and in DNA suggest that tissue cultures 
of HeLa cells may differ from tissues in intact animals in the interrelation- 
ships between ribotide and deoxyribotide syntheses. 

The ratios of specific activity discussed above were not significantly 
altered by infection of the cells with poliomyelitis virus. However, the 
amount of C''-cytidine incorporated into the nucleic acids of HeLa cells 
was affected by virus infection. The high level of incorporation of cytidine 
into the RNA of infected cells from the 6th to the 11th hour of infection, 
during a period in which the cells show pronounced degenerative changes 
and are markedly defective in their ability to incorporate cytidine into 
DNA, may be related to the synthesis of viral RNA. Recent evidence 
indicates that the total poliomyelitis virus RNA produced in a single 
monkey kidney cell is 10-” gm. (17-19). If an equal amount of viral 
RNA were synthesized per HeLa cell, it would equal 2 per cent of the 
cellular RNA (20). The work of Howes and Melnick (19) indicates that 
about 80 per cent of the poliomyelitis virus produced in a monolayer of 
monkey kidney cells remains associated with the cells at the end of the 
period of rapid viral release, and can be detected only if the cells are dis- 
rupted. The experiments of Girardi et al. (21) indicate that there is a 
similar delay in virus release from HeLa cells in suspension. This would 
indicate that in our experiments many of the virus particles were harvested 
in the cells, and their RNA nucleotides were isolated and counted along 
with the cellular RNA nucleotides. Therefore, the incorporation of 
cytidine into viral RNA may represent all or a large part of the incorpora- 
tion of cytidine observed in virus-infected cells from the 6th to the 11th 
hour of infection. 

Two recent studies provide evidence in support of this conclusion. 
Miroff et al. (22) have infected HeLa cells with type 1 poliomyelitis virus 
in a medium that does not support cell growth and have observed an 
increased uptake of inorganic phosphate labeled with P*® into the total 
nucleic acids, which uptake was proportional to the increase of virus in the 
medium. Under these conditions there is little incorporation of P® 
into the nucleic acids of uninfected cells. Their data suggest that P® 
was incorporated into intracellular viral RNA in infected cells (22). Loh 
and his collaborators have also observed an increased uptake of P® into 
the cytoplasmic RNA of HeLa cells during the period of viral synthesis (23). 

In normal, dividing cells the incorporation of isotopically labeled pre- 
cursors into DNA is correlated with the occurrence of cell division (16). 
Therefore, the decreased incorporation of C'*-cytidine into the DNA of 
HeLa cells infected with poliomyelitis virus is probably related to the 10- 
fold decrease in the percentage of mitotic cells observed by Dunnebacke 
at the 10th hour after infection (24). 
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Several mechanisms,may be proposed to explain these effects of infec- 
tio. Poliomyelitis virus may inhibit DNA synthesis directly and thereby 
impair the ability of the cell to reproduce its nuclear material, which process 
is essential for cell division. The pathways for the de novo synthesis of 
deoxyribosides in animal cells are as yet unknown. Rose and Schweigert 
(7) have shown that cytidine is incorporated into the DNA of rat viscera 
without prior cleavage of the nucleoside linkage, and this indicates a direct 
reduction of the riboside or its phosphorylated derivatives to the deoxy ana- 
logue. Whether the decreased incorporation of cytidine into HeLa cell 
DNA during virus infection is a result of inhibition of the conversion of 
ribose compounds to their deoxy analogues or the result of some other 
inhibition of DNA synthesis cannot be ascertained from our experiments. 
Poliomyelitis virus may inhibit other metabolic pathways needed for both 
DNA synthesis and cell division. The choice between these and other 
possible mechanisms must rest in the results of future work. 


SUMMARY 


C4-Guanosine and C'-cytidine were investigated as precursors of 
HeLa cell ribonucleic acid (RNA) and deoxyribonucleic acid (DNA). 
Cytidine was incorporated to a much greater extent than was guanosine 
into both RNA and DNA. 

During the period from 1 to 11 hours after HeLa cells were infected with 
a massive dose of type 3 poliomyelitis virus, the incorporation of cytidine 
into RNA was 60 to 80 per cent of that observed with uninfected cells, 
whereas incorporation into DNA was 35 to 45 per cent of that with unin- 
fected cells. During the second half of the experimental period, from 5.5 
to 11 hours after infection, the incorporation of cytidine into the RNA of 
both infected and uninfected cells was essentially the same, whereas in- 
corporation into the DNA of infected cells was only 10 to 25 per cent of 
that with uninfected cells. The data suggest that DNA synthesis declines 
with time after infection and that RNA synthesis after a period of inhibition 
returns to the levels observed in uninfected cells. The relationship of 
these events to viral nucleic acid synthesis is discussed. 
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